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TECHNICAL NOTE 3986 


COMPRESSIBLE LAMINAR BOUNDARY LAYER OVER A YAWED INFINITE C YLIN DER 
WITH HEAT TRANSFER AND ARBIORARY PRANDTL NUMBER 1 


By Eli Reshotko and Ivan E- Beckwith 


SUMMARY 

The equations for development of the compressible laminar boundary 
layer over a yawed infinite cylinder are presented. For compressible 
flow with a pressure gradient the chordwise and spanwise flows are not 
independent. By use of the Stevartson transformation and a linear 
viscos ity- temperature relation, a set of three simultaneous ordinary 
differential equations is obtained in a form yielding similar solutions. 
These equations are solved for stagnation-line flow for surface temper- 
atures from zero to twice the free- stream stagnation temperature and for 
a wide range of yaw angle and free- stream Mach number. 

The results indicate that the effect of yaw on the heat-transfer 
coefficient at the stagnation line depends markedly on the free -stream 
Mach number. For subsonic Mach numbers t he decr ease in heat-transfer 
coefficient with yaw angle A is about -y/cos A, which is the decrease 
for incompressible flow. However, for stream Mach numbers greater than 
about 2, the variation in heat-transfer coefficient with yaw angle is 
somewhat less than cos A, except when the normal component of the 
s tream M ach number is subsonic; then the variation tends to approach 
-y/cos A. This decrease in heat -transfer coefficient with yaw angle is 
practically independent of wall temperature and Prandtl number for the 
values of these par ame ters used in the present calculations. The re- 
covery factor, defined in terms of the local external temperature, can 
be approx imat ed as the square root of the Prandtl number for the range 
of yaw angle, Mach number, and Prandtl number included in the 
calculations . 


jPhis report combines the results of two independent investigations, 
one at the Lewis Flight Propulsion Laboratory and the other at the 
Langley Aeronautical Laboratory. The principal results of the investi- 
gation at the Lewis laboratory were presented by the senior author be- 
fore the 1956 Heat Transfer and Fluid Mechanics Institute at Stanford 
University on June 22, 1956. A brief written version of that talk 
appears in the proceedings of the institute (ref. l). 
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An unusual result of the solutions is that for large yaw angles and 
stream Mach numbers the chordwise velocity within the boundary layer ex- 
ceeds the local external chordwise velocity, even for a highly cooled 
wall. 


INTRODUCTION 

As flight speeds are increased, the problem of aerodynamic heating 
becomes more serious, and the temperatures of critical areas such as the 
nose of an aircraft or the wing leading edge may exceed the design spec- 
ifications . An accurate knowledge of the laminar-boundary-layer charac- 
teristics then becomes desirable, not only for predicting heat-transfer 
rates, but also for the purpose of calculating the stability of the 
boundary- layer flow. The yawed infinite cylinder simulates approximately 
the leading edge of a swept-back wing or of a body of high fineness ra- 
tio at angle of attack and also allows a basic simplification of the 
boundary- layer theory. 

Almost simultaneously, Praadtl (ref. 2), Struminsky (ref. 3), Jones 
(ref. 4), and Sears (ref. 5} observed that for incompressible flow over 
a yawed infinite cylinder the boundary-layer development in the chordwise 
direction (normal to the cylinder axis) is independent of the spanwise 
flow. For compressible flow, however, thiB "independence principle" does 
not apply, because the density variation must depend on the velocities in 
both the chordwise direction and the spanwise direction (refs. 3 and 6). 

Where the independence principle applies, the solutions for boundary- 
layer development in the chordwise plane are those which have been ob- 
tained for incompressible two-dimensional flow. A number of investiga- 
tors have integrated the spanwise momentum equation for the various solu- 
tions to this problem. Sears (ref. 5) has obtained the spanwise solution 
corresponding to the series-type solution about a cylinder. Wild (ref. 

7), by an integral technique, has obtained the spanwise solution for 
Howarth’s elliptic cylinder, and Cooke (ref. 8) has tabulated the span- 
wise solutions corresponding to Eartree's solutions (ref. 9) to the equa- 
tions of F alkn er and Skan. Further, Goland (ref. 10 ) has shown that the 
heat-transfer coefficient of a yawed cylinder varies as the square root 
of the Reynolds number based on the normal component of the stream veloc- 
ity. Thus, for a given stream velocity, the beat-transfer coefficient 
decreases as the square root of the cosine of the yaw angle. This de- 
crease in heat-transfer coefficient is associated with the increase in 
boundary-layer thickness due to yaw. 

For compressible flow where the independence principle does not apply, 
the mom entum equations for both the chordwise flow and the spanwise flow 
must be solved simultaneously. Solutions to the compressible-flow prob- 
lem with zero heat transfer and a Prandtl number of 1 have been given by 
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Crabtree (ref. 11 ) and Tinkler (ref. 12). Both, of these solutions are 
for flows where the spanwise Mach number at the stagnation line of the 
1 cylinder is 1 or less . Consequently, for high stream. Mach numbers these 

solutions apply only to cases where the yaw angle is small. From the 
observation that for a Prandtl number of 1 the energy equation and the 
spanwise momentum equations are similar (ref. 6), Moore (ref. 13) has 
indicated the form that Crabtree's equations take for a non insulated 
surface . 

The present report extends the work of Crabtree, Tinkler, and Moore 
to the more general case of arbitrary Prandtl number and an isothermal 
wall at arbitrary temperature in flows where both Mach number and yaw 
angle may be large. The boundary- layer equations are first simplified 
by the assumption of a linear viscosity- temperature relation and by the 
application of Stewartson's transformation (ref. 14). The resulting Bys- 
tem of partial differential equations is simplified further by assuming 
an external chordwise velocity distribution of the Falkner-Skan type in 
the transformed coordinate system. The conditions required to reduce 
the system to ordinary differential, equations are discussed. Numerical 
solutions for stagnation-line flow with Prandtl numbers of 1 and 0.7 are 
presented. Expressions are given for shear, heat transfer, and the vari- 
ation of heat-transfer coefficient with yaw angle. 


GENERAL EQUATIONS 
Boundary-Layer Equations 

The ccmpressible-boundary- layer equations for a three-dimensional 
flow are obtained by application of the Prandtl boundary- layer assump- 
tions to the general equations governing the motion of a compressible, 
viscous, heat-conducting gas (see, e.g., refs. 6 and 13). One of these 
assumptions which may be emphasized for the present application is that 
the boundary- layer thickness is small compared with the local radius of 
curvature of the surface. Consequently, the pressure gradient normal to 
the surface may be neglected, and the boundary- layer equations are ex- 
pected to be valid in the region of the stagnation line on a yawed 
cylinder . 

The boundary-layer equations for a yawed Infinite cylinder are ob- 
tained from the three- dimen sional boundary-layer equations by noting 


v 



layer over a yawed infinite c 
Continuity: 
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Momentum: 
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Energy: 
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where H is the total or stagnation enthalpy. 

State : 

p « pRt 

The "boundary conditions for equations (l) to (4) are: 
At z = 0 

. . JJ TT TT ~ 


At z •* 


u = v = v = 0 and S = Ey. 


u = u , v = v , and E = H 


The viscosity is assumed to "be a linear function of the temperature 
according to the relation 

H = +- t 

where t v is a known function of x, and ^ may he taken as any de- 
sired function of t v , such as the Sutherland vis cos ity- temperature 

equation. The chordwise velocity outside the boundary layer satisfies 
the following form of Bernoulli's equation: 

due iPe dp 

. (5 - 


since from equation (2c) the pressure is constant in the direction nor- 
mal to the surface. 
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Stewartson's Transformation 

The velocities in the equations of motion (eqs. (l) to (3)) can be 
replaced through the definition of a stream function: 


z p o 



> 

J 


( 6 ) 


so that the continuity equation (eq. (l)) is automatically satisfied. 

Stewartson's transformation (ref. 14} is now introduced, and in a 
slightly modified form may be written 


The quantity 




of equation (7) is exactly the quantity A of ref- 


erence 15. The transformed coordinates are now represented by upper- 
case letters (X,Z), and the subscript e refers to local conditions at 
the outer edge of the boundary layer (external) . The subscript 0 re- 
fers to free -stream stagnation values. 


With the assumptions of constant Frandtl number, constant specific 
heat, and an isothermal surface and by use of the adiabatic energy equa- 
tion for the external flow 



O) 


equations (2a), (2b), and (3) become 
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■where 




H - 
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*W 
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(12) 

(13) 

(14) 


and 


_0_ 

% 


1 + 




1 + X..Z Z m 2 „r,o2 
2 


(15) 


The ratio 


Z2_ 

% 


!*0 i + J —$ — ■ ^ cos^ A 
combines the effect of both yaw angle and Mach number in 


a single parameter. The physical interpretation of this parameter is 
simply the ratio of the total or stagnation temperature of the stream to 
the stagnation temperature of the normal component of the stream. The 
variation of the parameter with yaw angle for various Mach numbers is 

t 0 «? 

shown in figure 1. It is seen that - — < sec* A and becomes large 

% 

only for large yaw angles combined with high Mach numbers. 

For a Prandtl number of 1, g = Q, since equations (ll) and (l2) are 
similar and since the functions g and 0 satisfy the same boundary 
conditions . 

In texms of the transformed velocities, which are defined 

U = 


W = -t- 


( 16 ) 


X 


equations (10) to (12) can be written 
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UU^ + WU Z = U e U ex 


1 + l ^ ' 1,(1 ' g2) + 


[S . ^ 

\*o )% 


(i - e) 


Ue X + Wg Z - v o g zz 


+ v o u zz 

(17) 

(18) 


VQ 


U0 X + - P? <0; 


zz 


Cujf)(^ . vY(4) (u2)zz + ^ 


(19) 


These equations should he useful in formulating integral methods for 
calculation of laminar "boundary layers over yawed cylinders . 


type 


Similar Solutions 
To obtain similar solutions, an external flow of the FalJmer-Skan 


u e = ex* 


( 20 ) 


is assumed, which together with the transformation 

*\ 


* = f(n) 

S = «(tj) 

e = © Cn ) 


A /SVpUgX 
| 1+1 


> 


i = z 


I m + 1 U e 


2 Vo X 

yields the system of differential equations 


( 21 ) 


J 


f •" + ff » = p 


,,2 , f C 0 


f' c - 1 - 


C BL 


- 1 


(1 ' ^ ‘ %„(*o ■ ^ ■ s! 


g" + fg* = 0 


(22a) 

(22b) 
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0" + Prf0 1 = 


where 



The "boundary conditions for the system of equations (22) are: 


At tj = 0 

At T) -*• oo 


f = f ’ = g = 0 = 
f ' = g = 0 = 1 



(24) 


Since u e may in general depend on x, the right member of the 

energy equation (eq. (22c)) is not yet functionally consistent with the 
left member for arbitrary u e and Pr . The right member of the equa- 
tion must be zero or a function of tj to be consistent with the left 
member. This may be achieved in the following ways: Cl) The external 

chordwise velocity may be a constant other than zero, ( 2 ) the external 
chordwise velocity may be zero, (3) the Prandtl number may equal 1, (4=) 


the factor 


T - 1 ( 

_ 2 \ a 0/ _ 


may approach the constant 


XAo " 


= cos 


corresponding to hypersonic flow, or (5) the ratio of specific heats 
may equal 1. 


Independence Principle 


The independence principle can be de m onstrated from the general 
system of equations (22). The chordwise momentum equation (eq. (22a)) 
is independent of the spanwise momentum and energy equations under the 
following conditions: 

(1) Plat-plate flows (m = p = 0) for all Mach numbers, Prandtl num- 
bers, and heat transfers 

( 2 ) The conditions t Q = t^, t^ = t 0 , which correspond to incom- 
pressible flow 
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Independence does not exist for compressible flow with pressure gradient, 
even for zero heat transfer. 


Stagnation-Line Flow 


All solutions presented in this report are for stagnation-line flow 
where m = 8 = 1. Two of the previously described requirements for sim- 
ilarity are separately considered in these solutions. The first require- 
ment is that of Prandtl number equal to 1. The system of equations (22) 
for this Case is reduced to the following two differential equations, 
since equations (22b) and (22c) become identical: 


+ ff" = f ' 2 - 1 - 


u 0 


- i (i - e 2 ) 


>o 

Q" + £9' = 0 

with the boundary conditions: 

At T) = 0 


%0 W > 


(l - 0) (25a) 
(25b) 


At t| -*■ 00 


f * = 0 « o 


f - e = i 


(26) 


For the case of zero yaw, equations (25) reduce to those presented in 


reference 15, while for the insulated surface 
they reduce to those of Crabtree (ref. ll). 


=1 for Pr = 1 J 


The second requirement considered is that of zero external chord- 
wise velocity which allows arbitrary Prandtl number. For this case equa- 
tions (22) become: 


+ ff" = f ' 2 



9 " + Prf 0 1 = (l - Pr) 


- - ¥ - 6) C27s) 

(27b) 

R) 


Cs 2 ) 


(27c) 


I 
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With, heat transfer the boundary conditions of equations (27) are 
equations (24) . 

For the case of the insulated -wall an additional boundary condition 
is necessary, since the wall temperature is no longer arbitrary. The 
heat-transfer rate to the wall may be expressed 

which for stagnation- line flow becomes, with 
(14), and (21), 

pw a e . nr . 

For the insulated surface, q^ = Oj and since 

ber the surface temperature is generally not 
temperature, the additional boundary condition from equation (29) is 

0* = 0 (30) 

w 

Thus, for, the insulated surface with arbitrary Prandtl number, equations 
(27) are solved subject to the conditions of equations (24) and (3°) • 

For convenience in computing, the temperature ratio t w /tQ was replaced 

by the following expression involving the local recovery factor 



Values of then resulted from the solutions . 

Equations (25) and (27) were solved numerically for both insulated 
arid non insul ated surfaces . The techniques -used at the two laboratories 
were different - 3h.ese techniques are discussed in appendix B. It is 
interesting and gratifying to note that the different techniques yielded 
numerical results which were in excellent agreement. 


(28) 

use of expressions (8), 

*wK w 

with arbitrary Prandtl num- 
equal to the stagnation 


PROPERTIES OF SOLUTIONS 

In the following sections the solutions obtained in this study are 
presented and their properties discussed. All solutions are presented 
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in tabular form. Table I shows the values of f, f f", 9 , and 9' 

tabulated against r\ for a Prandtl number of 1. Table II presents f, 

f g , g' , Q, and 9’ against tj for a Prandtl number of 0.7. 

Table III presents a summary of the values of f " (related to wall 

w 

shear) , g^. (related to spanwise shear), and 9 ^ (related to heat trans- 
fer) for the cases of tables I and II. 2 


Velocity and Enthalpy Profiles 

The chordwise and spanwise velocity and enthalpy profiles obtained 
from the tabulated solutions are presented as functions of rj in fig- 
ures 2 and 3. 


The chordwise velocity ratio can be expressed 



(32) 


from the definitions of f, z, and tj. It should be remembered that 
for the Pr = 1 solutions the normalized temperature and spanwise ve- 
locity profiles are identical. For Pr = 0.7 (fig. 3) the spanwise 
velocity and enthalpy profiles are separately plotted. The distance z 
normal to the surface at a given station x in the physical plane is 
related to the similarity variable rj through relations (8) and (2l) 
and may be expressed 



2 

Comparison of the results of reference 11 with the solution given 
here for Pr = 1, t v /t Q = 1, ^oAiIq = 1-2 shows that the present val- 
ues for f ' and 9 (corresponding to + cufg and g-j_ + oogg in the 

notation of ref. 11 ) are considerably larger than the values given in 
reference 11 at the same tj. According to private communication with 
Dr. Crabtree, the original numerical results of reference 11 were in 
error. The corrected results obtained from Dr. Crabtree, also by 
private c ommun ication, are in substantial agreement with the present 
solution. 
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At tiie stagnation line, equations (33) and 


(34) "become 



e) 




(35) 


The differences in the profiles for different values of the yaw- 
angle parameter tg/tjj^ and the wall-temperature parameter t^/tg (fig. 

2) can he attributed to the effect of compressibility, since for incom- 
pressible flow the chordwise velocity profiles and the temperature pro- 
files are independent of the spanwise flow. The chordwise velocity ra- 
tios are especially affected by compressibility; for large values of 
tg/tjj these ratios are greater than 1 within the boundary layer, even 


for cases where the wall is highly cooled. This same phenomenon has 
been observed in solutions of the two-dimensional compressible boundary- 
layer (e.g., refs. 15 and 16) for cases of a heated wall and favorable 
pressure gradient and in reference 15 was termed velocity overshoot. 
According to reference 15, the physical explanation for this effect is 
that when the wall is heated the density in the outer part of the bound- 
ary layer is reduced sufficiently so that the local flow is accelerated 
more than the external flow. The same basic explanation appears plaus- 
ible in the present solutions, except that the additional heat required 
to reduce the local density is generated by the shear of the spanwise 
boundary layer, and hence the phenomenon can occur even when the wall 
temperature is less than the recovery temperature. The solutions given 
by Moore for the compress ible-boundary-layer equations for a cone at 
large angle of attack (ref. 17) also show similar results; that is, the 
circumferential velocity ratios are greater than unity within the bound- 
ary layer. Furthermore , this effect becomes larger as the angle of 

attack of the cone is reduced. In the present solutions this is anal- 
ogous to increasing the yaw angle, which also has the effect of increas- 
ing the excess of the local velocities over the external velocity. Note 
also that this excess chordwise velocity is reduced by reducing the w all 
temperature , as might be expected from the preceding discussion. 


Six solutions were computed with Pr = 0.7; three of these are for 
zero heat transfer and give a recovery factor, and three are for a tem- 
perature ratio t^/t 0 =0.5 corresponding to a cooled wall. The veloc- 
ity and enthalpy profiles for these solutions are shown in figure 3, and 
the numerical values of the functions are given in tables II and HI. 


3 The angle of yaw as defined herein is the complement of the cone 
angle of attack. 
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For corresponding values of t 0 /tjj and for (t w /t 0 ) =0.5, the f ', g, 

and 9 profiles are almost the same as those for Pr = 1. For 
t w = t aw , the f ' and g profiles are also similar to those for 
Pr = 1 with t v = to; however, the 9 profiles for Pr = 0.7 and 
"ty = t aw (fig. 3(b)) are considerably different from the corresponding 

profiles for Pr = 1. The fact that 9 > 1 for this case indicates 
that the local stagnation enthalpy within the boundary layer exceeds the 
stagnation enthalpy outside the boundary layer. This excess of local 
stagnation enthalpy over the external value for zero heat transfer (and 
also to a lesser extent for a cooled wall) is apparently caused by t he 
relative increase in the quantity of heat conducted away from the wall 
into the outer layers of the boundary layer when Pr < 1. For Pr = 1 
and zero heat transfer (t w = tQ ) the relative effects of viscosity and 

conductivity are balanced and = 1 throughout the boundary layer. 

These same effects have been previously noted in solutions of the flat- 
plate boundary layer (e.g., ref. 18). 

The domains of velocity and temperature overshoot can be identified 
with the aid of the asymptotic solution to equations (27) (appendix C). 

For simplicity the discussion that follows is restricted to a Prandtl 
number of 1. A more general treatment is given in appendix C. 

The asymptotic expressions for ehordwise and spanwise velocity func- 
tions for a Prandtl number of 1 from appendix C are, respectively. 



Examination of equation (36^ shows that for large t| the tern involving 
A^_ is dominant, and thus (f ' - l) will have the same sign as A]_. Since 

the g function for a Prandtl number of 1 (fig. 2) always approaches its 
boundary condition from below, A-j_ is always positive, and consequently 

the existence of ehordwise velocity overshoot depends directly on whether 
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the quantity 




is positive. 


This quantity is 


positive vhen t w + t 0 > 2tj^. The domain of chordwise velocity over- 
shoot is shown in figure 4. It may be seen that for cold surfaces there 
is only a small range of yaw angles in which no overshoot occurs. 


For Prandtl numbers other than 1, the behavior of the stagnation- 
temperature profile must be considered separately from the spanwise ve- 
locity profile. From appendix C the asymptotic variation of 0 is 



(38) 


Figure 3 indicates that even for a Prandtl number of 0.7 the obtained 
spanwise velocity profiles approach the boundary condition from below; 
hence A^ is positive from, equation (37). For Prandtl numbers less 

than 1 the d ominant term in equation (38) is the last one; thus the ex- 
istence of temperature overshoot is dependent on whether the quantity 



The quantity is negative when the 


numerator is positive with t w /t 0 <1. It must of course be realized 
that for t w /t 0 > 1 the stagnation temperatures in the boundary layer 


are always higher than the stream stagnation temperature. In appendix 
C it is shown that the chordwise velocity overshoot domain for a Prandtl 
number of 0.7 is the same as for a Prandtl number of 1. Thus for a cold 
wall with Pr = 0.7, velocity overshoot and enthalpy overshoot occur 
s imul ta n eously. The various regions of overshoot are summarized in 
figure 4. 
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Skin Friction 

The chordwise and spanvise components of shear stress at the wall 
are defined , respectively, as 


T C = 

|) = Pw u e f w ^ 

/ w 

pT 

\JvqK 

m + 
2 

1 

p o 

a e 

a 0 

(39) 

T 3= l*v(^ 

|) = ^ v e^ ^ 

/ w 

& 

m + 
2 

1 p w 
p 0 

a e 

a 0 

(40) 


These can he represented in dimensionless form, hy local skin-friction 
coefficients; 


fir 


d In X 
d In x 


(41) 




d In X 
d In x 


(42) 


For the specific case of stagnation- line flow U e = CX the quantity 
C is related to the physical chordwise velocity gradient as follows: 


U c 


dU„ 


C = 


x “ tax 


l + r._zl 

2 



Pw ^0 f a e\ Pe 

L^O K\ & o) Po J 



(43) 


By use of equation (43), equations (39) and (40) can then he written in 
the form of skin-friction coefficients based on free-stream conditions, 
which for stagnation- line flow are 

V<5x 


'f,c 


k pJv-2 + 


v 2 ) 

m « 


- 2f ” ^ ^ CO s 2 A< 


w P 0 




1 + 
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ef]- 


(44) 
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At tlie stagnation line itself the chordwise velocity in the boundary 
layer is identically zero; hence there is zero chordwise viscous shear- 
ing stress. The dimensionless wall-shear function f^ is nevertheless 

of interest, since it can be used in calculating c^ c from equation 
(44) in the region close to the stagnation line. For the presented solu- 
tions, values of f^J. are summarized in table III and plotted in figure 
5. Significant increases in the wall- shear function occur with increases 
in the yaw parameter lo/%o • This is &n indication of the effect of 

lack of independence between the spanwise and chordwise flows. 

In the evaluation of the spanwise skin-friction coefficient for a 
Prandtl number of 1, the function g^. is exactly Q^, as indicated in 

table HI and in figure 6. For a Prandtl number of 0.7 the values of 
for the obtained solutions are listed in table III. It may be read- 
ily seen from the table that for corresponding values of surface temper- 
ature and yaw parameter to/t^ there Is very little effect of Prandtl 

number on the spanwise shear parameter g^. 


Secondary Flow 


Secondary flows are generally present in boundary layers whenever 
the direction of the pressure gradient impressed by the free-stream flow 
is different from the external flow direction. A comparison of the di- 
rections of the surface streamline and a corresponding streamline in the 
external flow provides a measure of the degree of secondary flow in the 
boundary layer. 


The direction a of the streamline in the vicinity of the surface 
is given by the expression 

'&u\ 


( 




tan 


Sr 


w 



Vw 

v e^w 


(46) 


w 


and the direction of the external streamline is 


u e 

tan a e * Vg 


( 47 ) 
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The ratio 


tan cty f£ 

tan a e = ej 


(48) 


is then indicative of the degree of secondary flow in the boundary layer. 
The angles <x e and oty are defined in the following sketch: 



s 


Values of the ratio f^/g^ for the obtained solutions are given in 

table HI and are also plotted in figure 7 . As the yaw parameter is in- 
creased, large relative increases in the secondary flow are obtained. * 


Heat Transfer and Adiabatic Wall Temperature 

The heat-transfer coefficient is defined as h = v t— and by 

^aw " ^w 

use of equations (7), (8), (2l), and (28) may be written in the dimen- 
sionless form. 


Nu s hx J v w _ ( *0 ~ ^ \ i lm + ldinX 

K y u e x \ t aw -\) w 'y 2 dlllx 


(49) 


In terms of physical quant ities the heat-transfer coefficient for 
stagnation-line flow may be expressed 



(50) 


The pertinent parameter from the exact solutions is the quantity 
/t 0 - t„ \ 

( t— 0'. For a Prandtl number of 1, where t w = t Q , this quan- 

V^aw ~ wj w 

tity reduces just to 9^. However, for Prandtl numbers other than 1, 


r 


r 
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* 


i 


the complete expression is necessary, and the adiabatic wall t emp erature 


1 

o 

t v 

V t„„ 

- "t 

\ aw 

W 


h 


for stagnation-line flow is 


is required. The quantity ^ 

plotted in figure 6 for the present solutions. Figures 5 and 6 show 
that, -while yaw tends to increase both the wall-shear and the heat- 
transfer f unct ions, the magnitude of the effect on heat tr ans fer is much 
smaller than the corresponding effect on wall shear. For instance, for 
to _n 

t — 2 and A ^ 45^, which from figure 1 includes all free -stream Mach 

numbers, the heat-transfer parameter is increased less than 13 percent 


over the value for 


: 0 




= 1. This Indicates that for many practical 


0 


problems the effects of lack of independence on heat transfer may not 
be of great significance. 


A comparison of the solutions for Pr = 0.7 and Pr = 1 at 
t w 

— - = 0.5 indicates that the effect of Prandtl number on the heat-transfer 
t 0 

parameter is essentially independent of the yaw parameter and can be 
approximately accounted for by the unyawed stagaat ion-point flow modi- 
fication proposed by Squire (ref. 19): 



= Pr L 


C 0 Tppr=i 


(51) 


The adiabatic wall or recovery temperature at the stagnation line 
■ can be calculated from, equation (3l), where the qua n tity is the 

local recovery factor defined 


^aw ” %q 

^ = t 0 - % 


(52) 


Values, of have been calculated and are presented in table IV. The 

values for incompressible flow (to/% 0 = l) have been calculated by the 
method described in appendix D, while those for tg/t^ > 1 and Pr = 0.7 

were obtained by solving equations (27) subject to the boundary condi- 
tions of equations (24) and (30), as described in the section entitled 
Similar Solutions. 
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The results for ^oAro = 1 closely represented by Pr 0 * 46 , 

and for t^ > l there is only a slight rise in recovery factor from n 

the incompressible value. It is thus felt that the use of the conven- 
tional laminar recovery factor Pr 1 / 2 would be adequate for most 
purposes . 

The local recovery factor may be converted to a recovery factor dt 
based on free-stream temperature through the expression 

« = tTT t ” = 1 " (1 - tjel* 2 A (53) 

0 00 


Reynolds Analogy 

Prom equations (41 ) and (49) a Reynolds analogy parameter between 
heat transfer and chordwise shear may be written 



For a Prandtl number of 1 this reduces to which is just twice 
the secondary-flow parameter listed in table III and plotted in figure 7 . 

A more interesting and perhaps more useful Reynolds analogy can be 
written in terms of the spanvise shear. From equations (42), (49), and 
(51), 



This latter approximate relation applies to all the. present solutions, 
since for a Prandtl number of 1, g^. = 9^* and the results shown in table 
III Indicate that (g^)-^^ is approximately equal to (g^)p r _ 0 ? • The 

resemblance of equation (55) to the conventional flat-plate Reynolds 
analogy is due to the zero pressure gradient in the spanwise direction. 
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Boundary-Layer Thickness 


The Boundary- layer thickness in the physical plane can Be co mp uted 
from equation (35) . By definition of the Boundary-layer thi ckn ess 8 
as the value of z at which 6 = 0.9990 (i.e., = t} 5 ), the expression 

for Boundary- layer thickness for a Prandtl number of 1 Becomes (from 
eq. (35)) 



dii (56) 


This expression has Been evaluated for a range of values of t w /tQ, n-nH 

the results are shown in figure 8. The actual Boundary- layer thickness 
may then Be computed easily for any given combination of flow variables 
and wall temperature. 


ENGINEERING HEAT-TRANSFER RELATIONS FOR STAGNATION-LINE FLOW 

The local rate of heat transfer to the wall per unit wall area is 
calculated from the relation 


% 


« 


‘Iw = h Ct aw - t v ) 


(57) 


which requires a knowledge of the heat-transfer coefficient h and the 
adiabatic wall temperature t aw . 

The adiabatic wall temperature at the stagnation line is obtained 
from equation (52) with the recovery factor evaluated from table IV. 

The expression for heat- transfer coefficient is 



To evaluate th,e heat- transfer coefficient h in the stagnation-line 
region of a given yawed cylinder, it is necessary to evaluate the fluid 
properties at the wall, the chordwise velocity gradient (du /dx) and 

the heat-transfer parameter ^ ^ - J Q^. Tie evaluation of these items 

with consideration of the effects of yaw is discussed in the following 
paragraphs . 
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Fluid Properties at the Wall. 

The thermal conductivity and absolute viscosity can be considered 
as functions of temperature alone, but the density varies also with the 
pressure according to the equation of state. The static pressure is 
determined from the inviscid flow. When the chordwise component of the 
free-stream velocity is supersonic, the wall pressure at the stagnation 
line is that which would be sensed by a pitot tube placed normal to the 
shock. This pressure is related to the free-stream static pressure by 
the expression 


Pw, 


si 




_x_ 

r-i 


y + 1 


r-i 


2tm£ “ (T - 1) 
" 0 ° _ 

(where Mm- = M cos A). For subsonic chordwise flow 


(58) 


Pw, 


sZ 



(59) 


Chordwise Velocity Gradient 

Based on the observation (refs. 20 and 2l) that for normal circular 
cylinders at free-stream Mach numbers greater than 2 the pressure coef- 
ficient varies about the cylinder as 



C 


p,max 



(60) 


an expression for the velocity gradient at the stagnation line 
was derived. This relation in dimensionless form, is 



Penland (ref. 20) further observed that equation (60) reasonably repre- 
sents the chordwise pressure distribution over a yawed cylinder. There- 
fore, equation (6l) for a yawed cylinder becomes just a function of the 



9 
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normal Mach number . With a normal Mach number greater than about 2 and 
upon introduction of the proper stagnation- line fluid properties, equa- 
tion (6l) becomes 



It must be remembered that in equation (62) is the chordwise compo- 
nent of the free- stream velocity. 

For subsonic chordwise flow (according to ref. 22), 

■n du A 2 4 

TT&T-iO-- 0.4J£ % - 0.164 (63) 

00 

Relations (62) and (63) are plotted in figure 9 along with available 
data on the chordwise velocity gradient from references 20 and 23 to 25. 

It is to be noted that for subsonic normal Mach numbers the experimental 

D ^- u e 

values of — -x — differ somewhat from, the values of equation (63) . It is 

U oo ctx 

therefore recommended that these experimental values be used in place of 
the equation. The broken line in figure 9 in the region 0.8 < cos A- 

* <1.5 was drawn as an estimate of the velocity- gradient variation, since 

neither equation (62) nor equation (63) is strictly applicable and there 
are no experimental data available for that range. 


Heat-Transfer Parameter 


For the general case of arbitrary Prandtl number and surface temper- 
ature It is reasonable to assume from equation (5l) that 



Values of (S’) may be obtained from either table III or figure 6. 

V Pr=l 


When equations (58) to (64) are combined as required, equation (50) 
becomes, for the stagnation line of a yawed cylinder. 


*a - 


Pr=l 



(65) 
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Effect of Yaw Angle and Mach Humber on Heat-Transfer 

Coefficient at the Stagnation Line 

The ratio of yawed to normal heat -transfer coefficient for a given 
cylinder with the same conditions’ of free-stream and surface temperatures 
is from equation (65) 



This relation is plotted in figure 10 as a function of yaw angle 


and Mach number for an essentially insulated surface 


ue of 


[ D_fS\ 

\ U C0 **) 


ft ' ■ •) 


The val- 


for these calculations was taken as the modified Newtonian 


value for cos A> 1.5 (eq. (62)) and from the dotted line of figure 9 
for cos A < 1.5. 


For incompressible flow 
heat -transfer coefficient becomes 


(% = 1 ) 


the ratio of yawed to no rmal 


(p-) - C=°s A ) 1 / 2 

00 


(67) 


which is exactly that indicated experimentally for hot wires by Schubauer 
and KLebanoff (ref. 26). For subsonic speeds the yaw effect is very 
close to that for incompressible flow. The curve for 14^ = 1 is in sane 
doubt because of the lack of suitable experimental information on the 
chordwise velocity gradient. The effect of_yaw for supersonic flow de- 
pends on the normal component of the stream Mach number. In the region 
where the normal component of the stream Mach number is supersonic , the 
curves of the ratio of yawed to normal heat-transfer coefficient are all 
very close to each other and somewhat below cos A (fig. 10). As the 
nor mal Mach nurnbqr becomes transonic, the ratio exceeds cos A, and at 
large yaw angle where the normal Mach number is subsonic, the curves tend 

to approach a (cos A)^"/^ variation. 




If 
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The influence of the exact solutions reported herein can be seen by 
comparing the curve for = 7 with that for the same Mach number but 

for 0' assumed constant at the zero-yaw value. For a Mach number of 
w . 

infinity the ratio of yawed to normal heat -transfer coefficient (.not 
shown in fig. 10 ) is only slightly below that for = 7 and from equa- 
tions (58) and (66) is given by the relation 



=see 2A 


(e ! ) 

W A=0 


(cos a) 3 / 2 


( 68 ) 


The application of the results of this investigation must be stepped 
short of the case of the parallel cylinder (A = 90°), since the initial 
hypothesis that spanwise derivatives are identically zero does not apply. 

The effect of heating or cooling on the ratio of yawed to normal 
heat -transfer coefficient is shown in figure 11 for a Prandtl number of 
1 in terms of a modification factor to the nearly insulated result. The 
factor is 



The effect of surface-temperature level from absolute zero to twice free- 
stream stagnation temperature on the ratio of heat-transfer coefficients 
is shown in figure 11 to be within HO percent of the insulated heat- 
transfer-coefficient ratio for to/% 0 leSB ttLan 6 ' 5 ’ 

The curves of figures 10 and 11 are essentially independent of 
Prandtl number, since the effect of Prandtl number on heat transfer has 
been approximately included through a modification to the Pr = 1 solu- 
tions. The effect of Prandtl number is accounted for exactly through 
the expression __ 



( 70 ) 
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■which is shown in figure 12 for t^/t 0 =0.5. For a Prandtl number 0.7 
there is at most about a 2-percent effect at this tenperature level. 


SUMMARY OP RESULTS 

Hie equations for compressible -boundary- layer development over a 
yawed infinite cylinder with heat transfer have been presented and solu- 
tions obtained for stagnation-line flow. The following are among the 
results obtained: 

1. The ratio of yawed to normal heat-transfer coefficient for the 
stagnation line of a given cylinder varies with yaw angle A as 

(cos A)" 1 "/ 2 for incompressible flow and shows nearly that variation 
for much of the subsonic range. Where the velocity normal to the cyl- 
inder is supersonic , this ratio is again almost a unique function of 
yaw angle, the ratio being in this case somewhat lower than cos A. 

Most of this decrease in heat-transfer coefficient with yaw angle can 
be accounted for by the change in local flow quantities outside the 
boundary layer that occurs as the normal Mach number and strength of 
the bow shock change with yaw angle. 

2. The effect of large amounts of heating or cooling on the ratio 
of yawed to normal heat-transfer coefficient is less than 10 percent 
for values of the yaw parameter to/t^ less than 6 for surface- • 

temperature levels from absolute zero to twice free-stream stagnation 
temperature. Changing the Prandtl number from 1 to 0.7 had at most a 2- 
percent effect on the ratio of yawed to normal heat-transfer coefficient. 

3. The local recovery factor at the stagnation line of yawed cylin- 
ders is closely represented by Pr®’ 4 5 ®. For most purposes this may be 
approximated by the square root of the Prandtl number. 

4. Where the independence principle does not apply, the effects of 
yaw on chordwise wall shear are much larger on a percentage basis than 
the corresponding effects on span-wise shear or heat transfer. For yaw 
angles up to 45° and for all Mach numbers, values of a local heat- 

Nu 

transfer parameter for stagnation-line flow are less than 13 

percent above the zero-yaw value. 

5. For favorable pressure gradient a chordwise velocity overshoot 
is obtained where the sum of the surface temperature and the free-stream 
stagnation temperature is greater .than twice the external temperature 
(t w + to > 2tjj ). While in the unyawed case velocity overshoot is 
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obtained only for heated surfaces, with yaw it is obtained also for 
cooled surf aces . Another unusual effect noted was that for Prandtl num- 
bers less than unity, when velocity overshoot was obtained for an in- 
sulated or cooled surface, the local stagnation enthalpy within the 
boundary layer exceeded the stream stagnation enthalpy. 

6. The degree of secondary flow, as evidenced by the deflection of 
the "wall" streamline compared to the external streamline, increased with 
wall temperature and yaw- angle parameter . 


Lewis Flight Propulsion Laboratory 

National Advisory C ommi ttee for Aeronautics 
Cleveland, Ohio, April 4, 1957 
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APPENDIX A 
SYMBOLS 

constants in asymptotic solution 
sonic velocity 

stagnation-line chordwise velocity gradient} C » 

P - Poo 

pressure coefficient, — 

i p=o u 2 


local skin-friction coefficient -- . 
specific heat at constant pressure 
diameter of cylinder at stagnation line 
function related to stream function, tJt, 


t |m + 1 
y 2v 0 u e x 


spanwise velocity variable 

u 2 + 


total enthalpy, c t + g 


2 ■ v 2 


.. heat-transfer coefficient 
thermal conductivity 
Sutherland’s constant 
- Mach number 
exponent from U e = CX m 
Nusselt number, hx/ku 
Prandtl number 
pressure 

heat-transfer rate to wall per unit area 
gas constant 


Ue dU e 
X “ <3X 
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m 

Re V 

t 

U 

u 

V 

W 

w 

X 

X 

y 

z 

z 

a 

3 

r 

8 

i 

*i 

e 


free-stream recovery factor. 



Reynolds number, 


P^e x 


static temperature 

transformed chordwise velocity co mp onent 
chordwise velocity component 
spanvrise velocity component 
transformed normal velocity component 
normal velocity component 
transformed chordwise coordinate 
chord-wise coordinate 


span-wise coordinate 
transformed normal coordinate 


normal coordinate 
streamline inclination 
pres sure- gradient parameter, ^ 

ratio of specific heats 
boundary-layer thickness 
spanwise temperature- difference parameter 
local recovery factor 
similarity variable, Z 

H - E w 

normalized enthalpy function, — =- 

H e " H w- 



x 


constant in asymptotic solution 
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A 

7\ 

H 

v 

P 

T 

t 


yaw angle 

^ OVpq) f t 0 + ^u\ . Fv 
\\ + ^Su/ y t 0 

absolute viscosity 

kinematic viscosity 

density 

wall shear stress 
stream, function 


Subscripts : 

aw adiabatic wall 

c chordwise 

e local flow outside boundary layer (external) 

max maximum 

N component normal to cylinder axis 

s spanwise 

si stagnation line 

w wall or surface value 

oo free- stream, q uan tity ahead of bow shock wave 

0 free -stream, stagnation value 

A quantity pertaining to yawed cylinder 

A=0 quantity pertaining to normal cylinder 

Superscripts : 


f 


differentiation with respect to tj 
asymptotic quantity 
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APPENDIX B 


SOLUTION OF ORDINARY DIFFERENTIAL EQUATIONS 

Solutions to equations (25) were obtained independently at both t he 
Lewis and Langley laboratories of the NACA. The solutions to equations 
(27) were obtained at the Langley laboratory. The procedure used at the 
Lewis laboratory is the forward integration technique described in appen- 
dix B of reference 27 and is based on five-point integration formulas. 
This is the same procedure as that used in obtaining seme of the solu- 
tions presented in reference 15. An IBM card- programmed electronic cal - 
culator was used. 

At the Langley laboratory the step-by-step integration procedure 
described in reference 28 was used. This procedure seems somewhat su- 
perior to the five-point technique and will therefore be described in 
some detail. This particular procedure is a modification of the Runge- 
Kutta method and was developed primarily for automatic digital computing 
machines. The Bell Telephone Laboratories X- 66744 relay computer at 
Langley is one of this type and was used for the present solutions. A 
step size of 0.2 was used for all the solutions, although a few solutions 
were also calculated with a step size of 0.1 for the purpose of evaluat- 
ing the error due to step size. The calculations were carried out to 
T) = 6.0, since the results showed that the stream boundary conditions 
could always be satisfied to the desired degree of accuracy for t] ^ 6.0. 


Convergence to Boundary Conditions 

The integration of the present equations constitutes a "two-point 
boundary-value problem." in which the correct initial values at t| = 0 
(such that the boundary conditions for large t] are satisfied) of the 
functions or their derivatives are usually found by a trial-and-error 
or interpolation method. 


The procedure used to obtain convergence for the present solutions 
involved an adaptation of Newton's method to three variables and the idea 
that for large i] the value of the functions depends on the assumed in- 
itial values at T] = 0. Applying this procedure to equations (27) with 
boundary conditions of equations (24) results in the following general 
functional forms: 


®co = ®oo(f-v> ®W> Sw) / 


Sco = &e(f^0^g^) J 


(Bl) 
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■where the subscripts oo and w denote the confuted values of the func- 
tion at large tj and at t] =» 0, respectively. The error in the func- 
tions at large T} is then given by 


df ' = TT-TT df 
00 if " W 

V 

^oo 

de = df " 

00 jjf» V 
W 

C^Sno 

d ^ = ^fT ^w 
v 



de ; + 

df * 
00 

\ 




3e„ 

CO 

dS v + 



Se 1 

V 

K 

> 

*8co 


Sgoo 


5e* 

w 


*4 



J 


(B2) 


The various partial derivatives in equations (B2) may be evaluated 
approximately from four trial solutions according to the following 
table : 


L 


C 


Trial 

Initial values 

Partial 

solution 

ft 

w 

e 1 

w 


derivative 

1 

f" 

W 1 

9 ™1 


\va< 


2 

f .t 

w 2 

°Wi 

^1 

la 

3 

f" 

w 2 

9 *z 




4 

ft 

w 2 

9 ^2 

^2 



The best solution of these four, say solution i, is then used to obtain 
the errors, which from equations (24) are 


df ’ 

CO 


de. 


d ^0 


f-(~) - f ^ = 1 - f 4 

e(») - e=o ± - 1 - \ 
s(“) - = 1 - 


> 


(B3) 


where f^, 9 , and g^ are the computed values at large t] from the 

best solution. 
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Equations (B2) are then solved simultaneously for 
dg^. The corrected initial values are 


f" 

v 3 

= f" 

v i 

+ 

^w 

©' 

= 0 T ’r 

+ 

d© ' 

w 3 

Wi 


w 


g^r 3 = J 


df " 
U - L w> 




and 


(B4) 


which may be used for repeating the whole procedure until convergence is 
attained. In the present problem, however, satisfactory convergence was 
attained by computing a trial solution with the corrected initial values 
and then using the results of this new solution to reevaluate df^, d©^, 
and dg^ from equations (B3) ; equations (B2) were then solved for df^., 
d 0^., and dg^. by using the partial derivatives already obtained. A new 
set of initial values is computed from equation (B4) and the results of 
the new solution, and the procedure is repeated until the boundary con- 
ditions are satisfied to the desired degree of accuracy. In most cases 
four or five more trial solutions were required for this purpose, which 
made a total of about nine trial solutions for any one case. Note, how- 
ever, that in accordance with Newton’s method the above procedure cannot 
be expected to give satisfactory convergence unless the errors dfV, d©^, 
and dg^ from the original four solutions are reasonably small. In the 
present problem these errors were limited to about 0.4 before the partial 
derivatives were evaluated. 


Accuracy of Solution 

The inherent error in the Bunge-Kutta method is of the order of the 
step size to the fifth power. A discussion of the errors in the integra- 
tion procedure used here is given in reference 28. 

An example of the errors due to step size and initial values for one 
of the present solutions is given in the following table for the case 
%j-.Ao = 1*5., 1q/1nq = 1*^j Br = 1; 


Step 

size 

Initial values 

Boundary conditions 
at T] — 6.0 

f" 

w 

©’ 

w 

f ’(6.0) 

0(6.0) 

0.2 

1.664076 

0.610859 

0.999684 

0.999998 

.2 

1.664085 

.610863 

. 999987 

.999999 

.1 

1.664085 

.610863 

.999328 

1.000027 
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Inspection of the table indicates that the value of f 1 at large T) is 
relatively sensitive to both the initial values and the step size. This 
is in accordance with the values of the partial derivatives, which for 
this case were 


*1 


= 28.4 


bf * 

00 

w 


= 15.4 


be m 

bF 

w 


= -0.51 


bO 

00 

bF 


= 1.56 


w 


In general, all the solutions were repeated until the maximum error 

in the boundary conditions was at most 0.0001 in f 1 and 0.00001 in 9 

or g at i] = 6.0 with a step size of 0.2. Reducing the step size to 

0.1 gives a more accurate solution, which can be used to evaluate the 

errors in the initial values f" and O' for the 0.2 step size. Thus, 

w w 

the sample solutions given in the table indicate that reducing the step 
size to 0.1, but using the same initial values, increases the errors in 
the outer boundary conditions by 0.00066 for f ' (6.0) and by 0.00003 for 
0(6.0). Adding these changes to the maximum allowable computing errors 
of 0.0001 in f '(6.0) and 0.00001 in 0(6. 0) results in an improved eval- 
uation of the actual errors, which would be approximately 0.0007 in 
f'(6.0) and 0.00004 in 0(6.0). From these errors in f and 0 and 
the values of the partial derivatives ,3ust given, the maximum errors in 
the initial values as obtained from equations (B2) (modified for the case 
of Pr = l) are 


df " = ±0.00001 
w 

d0^ = ±0.00003 

Thus, the initial values are accurate to at least the fourth decimal 
place, assuming that a further decrease in step size would not have much 
additional effect on the solutions. The functions f and 0 are 
evidently accurate to the third and fourth decimal places, respectively, 
for large values of t). 
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Comparison of the Two Techniques 

Among the cases calculated, three for t^/tQ = l -were done inde- 
pendently by both techniques . Comparisons of values of f^. and 9^. 

as well as values of f, f', f", 9, and 9 1 at q = 4 are given in 
the following tables: 



f” 

w 

9 ' 
w 


Five-point 

Runge-Kutta 

Five-point 

Runge-Kutta 

1.1 

1.29887 

1.29886 

0.57760 

0.57763 

1.2 

1.36401 

1.36400 

.58446 

.58447 

3.0 

2.40863 

2.40857 

.67698 

.67699 



f(4) 

f'(4) 

f"(4) 

0(4) 

0>(4) 


Five- 

point 

Runge- 

Kutta 

Five- 

point 

Runge- 

Kutta 

Five- 

point 

Runge- 

Kutta 

Five- 

point 

Runge- 

Kutta 

Five- 

point 

Runge- 

Kutta 

1.1 

3.3902 

3.3901 

1.0000 


0.0001 

0 

0.9996 

0.9996 

0.0016 

0.0016 

1.2 

3.4265 

3.4263 

1.0002 


0 

-.0001 

.9997 

.9996 

.0015 

.0015 

3.0 

3.8946 

3.8947 

1.0002 

Eftnif 

-.0006 

-.0007 

.9999 

.9999 

.0004 

.0004 


There is a dif ference of not more than 0.0001 in the initial val- 
ues and not more than 0.0002 in the functions near the outer edge of 
the bo undar y layer. An examination of other values of the functions 
showB them to differ by 0.0002 or less for all values of tj. It is 
felt therefore that 3 tabulated values in tables I, II , and III are 
certainly correct to three decimal places and that most of the tabula- 
tions are probably correct to .±0.0005. 
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APPENDIX C 


ASYMPTOTIC SOLUTION 


To examine the behavior of the presented solutions near the outer 
edge of the boundary layer, it is useful to find a solution of the 
system 

ft o 


+ ff" = f ,2 - 1 - _!)(!_ g2) 


g” + fg* = 0 


"SA'o" ) 


(1 - 9 ) 


9 " + Prf 0 ' = (l - Pr) 




Cb 2 )” 


(27a) 

(27b) 

(27c) 


for large tj. 

The asyiiqptotic form for f (designated f ) is assumed to consist 
of a sum of terms, each smaller than the preceding. Only the first two 
terms are considered herein. The corresponding solutions for the^span- 
wise velocity function g and the stagnation enthalpy function 9 are 
also obtained. 


Let 


where 



f 


f 2 « f l 


f ' « f ' 
x 2 ^ x x 


(Cl) 


Since lim^-+f ' = 1, let 

f^ = tj - x (C2) 

where x is an undetermined constant . If f ^ is inserted into equa- 
tion (27), the corresponding spanwise velocity function gq and enthalpy 
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function ^ must both, be 1. Inserting equations (Cl) and (C2) into 
equations (27) and dropping higher order terms result in 



Equations (C3)j (C4) , and (C5) are very similar to equations (B3) of ref- 
erence 15. For Pr = 1 and ^q/^q - 1, they are identical. The pro- 
cedure for obtaining the asyuptotic solution is s imil ar to that in appen- 
dix B of reference 15. Equation (C4) can be integrated directly to give 


- (tl-x ) 2 

Sg " A l e 


(C6) 


which integrates once again to the complementary error function 


82 = 


V2 


p” (n-x) 2 
2 

e di} 




or 


K? 




(C7) 


By use of equations (C4) and (C6), equation (C5) can now be written 


)" + Pr(q - x)0 ' = ~ - P ^ - (l - (t] - x)A ie 

(%-■) ^ °> 


- Ci -*) 2 

2 (C8) 
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which has as its complete solution 


0 2 “ 


V2 


« - ‘) 




cerf 




^ cerf [^ - x) ]/¥ 


(C9) 


■where the coefficient A2 may be evaluated by recognizing that the 
asymptotic forms g g and § 2 are identical for a Prandtl number of 1. 
From equations (C7) and (C9) with Pr = 1, 


*2 


= Ai 


4 -?)*(%-■) 


(CIO) 


Assume that this expression holds for Pr 1. Equation (C9) then 
becomes 


, f4-gl 


- -y/Tr 



cerf 




^ cerf (tj -x) 



(cii) 


The expressions (C7) and (Cll) for gg and e 2 , respectively, may now 
be substituted into the differential equation (C3) for f£: 

f'" + ( T| - x)f" - 2f ' = 


- An 







cerf 


(n - *) 


(C12) 
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For large t] the right side of equation (C12) can he rewritten 
using the leading term of the following expansion of the complementary 
error function 




cerf x = 


~2x~ 


2 r 


i - 


2x £ 


(C13) 


Equation (C12) then becomes 


+ C TJ - x)fg - 2fg = 


& • x ) - X 1 ( " - xrl “* [ T U • x, !l 


x)*J (C14) 


A particular solution to equation (C14) is sought wherein the leading 
term is of the form 


f^ = b(tj - x) w e 




(C15) 


Substituting equation (C15) into equation (C14) and examining the results 
separately for Pr / 1 and for Pr = 1 results in the following par- 
ticular solutions: 


For Pr 1 


ft = _ 

2p 2Pr(Pr - l) 


2 - l\ 


L W 0 ) 

^0 W l 


(ti - x )" 3 expj- ^ (ti - x)j 

(C16) 


and for Pr = 1 


A 1 

f = — 
2p 4 




(ti - *)' 


(C17) 


It is to be noted that for Pr < 1, equations (C16) and (C17) have 


tive depending on whether the quantity 
positive or negative. 


U'JL j\ 


Wo " ) 

%o U> JJ 


is 
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The complementary function for fj, can be found by noting that the 

homogeneous part of equation (C12) is Weber's equation. Hartree (ref. 

9) gives the general solution for large values of the argument tj - x, 
which can be written 


= A 3 (n - x )” 5 exp 


2 

- + 4 




(C18) 


In order to satisfy the boundary condition lim = 0, it is necessary 

T^oo 

to take A 4 = 0 in equation (C18). 

asymptotic variations of velocity and enthalpy functions are, 
from, equations £C7), (Cll), (C13), (C16), (C17), and (C18): 




)" 5 exp 


>z 

+ A 3 (ti - x)“ exp 
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Aa examination of equations (C18) for Pr < 1 and equation (36) 
for Pr = 1 shows that the velocity functions in these cases have the 
same qualitative asymptotic behavior, since the A-j_ terns in both cases 
dominate over the A^ terms . 
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APPENDIX D 


STAffltATION-LINE RECOVERY FACTOR FOR YAWED CYLINDER 

The evaluation of the recovery factor for the stagnation line of a 
yawed cylinder in essentially incompressible flow is accomplished by re- 
writing equations (27) with the quantity tj^/tQ replaced by the equiva- 


lent expression 1 


2 Vo 


, where 


The resulting equations are 

ft" + ff » 


2Opt 0 
■£ 1 2 


« 1 and with 


(*-a 


« i. 


- i 


g" + fg' = o 


v| 


0" + Prf 0 ' = (l - Pr) 


2^0 


(s 2 )' 


(Dl) 

(D2) 

(D3) 


The first two of these equations are recognized as the momentum equations 
for chordwise and spanwise incompressible stagnation-line flow over a 
yawed cylinder. The energy equation (eq. (D3)) must be further reduced 
by writing 0 in terms of the temperature-difference parameter 


£ = 


t - t. 


(D4) 


2c 


The expression for 0 in terms of f; becomes from equations (14) 
and (D4 ) 2 


(g 2 + £ - i) 


0 = 1 + 


2c r 


t 0 " 


(D5) 


Substitution of relations (D5) and (D2) into equation (D3) yields 

Tr2 


2Cpt 0 


£" + Prf £ 1 + 2Prg' 2 = 0 


■ (D6) 


for finite 
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Equation (D6 ) is identical to that of S chuh (ref. 29). 
boundary conditions : 


With the 


At tj = 0 


At T] -*■ 00 


5* = o 


i = 0 


the value of £ at the wall becomes the recovery factor and from equa- 
tions (Dl), (D2), and (D6) can be written 


where 



(D7) 


(D8) 


For the present paper values of ^ were obtained for Pr = 0.7, 

0.8, 0.9, and 1 and are shown in table IV. The value indicated for 
Pr = 0.7 agrees with that of Schuh. 

A recovery factor for the stagnation line defined in terms of free- 

stream static temperature is related to P as follows: 

w 

» = ! - a V t tw = i - (i - Q s± * z A w 

”0 » 
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TABLE I. - STAGNATION- LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER 

WITH PRANDTL NUMBER OF 1 




'w 

5 o “ ° 5 

J*--’ 

N 0 

L.2 


n 

f 

f 1 

f" 

0 

6' 

0 

0.0000 

0.0000 

0.6823 

0.0000 

0.5130 

.2 

.0136 

.1357 

.6708 

.1026 

.5125 

.4 

.0540 

.2670 

.6392 

.2048 

.5093 

.6 

.1199 

.3903 

.5920 

.3059 

.5007 

.8 

.2094 

.5031 

.5338 

.4046 

.4847 

1.0 

.3203 

.6034 

.4688 

.4992 

.4598 

1.2 

.4499 

.6904 

.4010 

.5879 

.4259 

1.4 

.5955 

.7638 

.3339 

.6690 

.3837 

1.6 

.7545 

.8242 

.2704 

.7410 

.3353 

1.8 

.9244 

.8724 

.2128 

.8029 

.2835 

2.0 

1.1028 

.9098 

.1627 

.8544 

.2315 

2.2 

1.2877 

.9380 

.1206 

.8957 

.1823 

2.4 

1.4775 

.9586 

.0866 

.9277 

.1383 

2.6 

1.6707 

.9731 

.0603 

.9515 

.1009 

2.8 

1.8664 

.9831 

.0406 

.9685 

.0709 

3.0 

2.0638 

.9897 

.0264 

.9803 

.0479 

3.2 

2.2622 

.9940 

.0166 

.9881 

.0311 

3.4 

2.4612 

.9966 

.0101 

.9931 

.0194 

3.6 

2.6607 

.9981 

.0059 

.9961 

.0116 

3.8 

2.8605 

.9990 

.0033 

.9979 

.0067 

4.0 

3 . 0603 

.9995 

.0018 

.9989 

.0037 

4.2 

3.2603 

.9998 

.0010 

.9994 

.0020 

4.4 

3.4602 

1.0000 

.0005 

.9997 

.0010 

4.6 

3.6602 

1.0000 

.0003 

.9999 

.0005 

4.8 

3.8603 

1.0001 

.0002 

.9999 

.0002 

5.0 

4.0603 

1.0001 

.0001 

1.0000 

.0001 

5.2 

4.2603 

1.0001 

.0001 

1.0000 

.0000 

5.4 

4.4603 

1.0001 

.0001 

1.0000 

.0000 

5.6 

4.6603 

1.0001 

.0001 

1.0000 

.0000 

5.8 

4.8604 

1.0002 

.0001 

1.0000 

.0000 

6.0 

5.0604 

1.0002 

.0001 

1.0000 

.0000 



o 

II 

>1 o 
-p Ip 

N 0 

..0 


n 

f 

f ' 

f" 

0 

6 ' 

m 

0.0000 

0.0000 

0.6489 

0.0000 

0.5067 

MB 

.0129 

.1291 

.6393 

.1013 

.5062 

■S3 

.0514 

.2546 

.6128 

.2023 

.5032 

M 

.1143 

.3734 

.5728 

.3023 

.4951 

.8 

.2001 

.4830 

.5226 

.3999 

.4800 

1.0 

.3068 

.5819 

.4654 

.4937 

.4564 

m 

.4321 

.6690 

.4045 

.5819 

.4240 

IWl 

.5736 

.7437 

.3427 

.6627 

.3835 

Ira 

.7288 

.8062 

.2828 

.7349 

.3368 

1.8 

.8953 

.8571 

.2270 

.7972 

.2863 

2.0 

1.0709 

.8973 

.1769 

.8494 

.2353 

2.2 

1.2536 

.9283 

.1338 

.8915 

.1865 

2.4 

1.4417 

.9513 

.0980 

.9243 

.1424 

2.6 

1.6337 

.9680 

.0694 

.9489 

.1047 

2.8 

1.8285 

.9795 

.0476 

.9666 

.0741 

3.0 

2.0253 

.9874 

.0315 

.9790 

.0504 

3.2 

2.2233 

.9924 

.0201 

.9872 

.0330 

3.4 

2.4221 

.9956 

.0124 

.9925 

.0207 

3.6 

2.6214 

.9976 

.0073 

.9958 

.0125 

3.8 

2.8211 

.9987 

.0042 

.9977 

.0073 

4.0 

3.0209 

.9993 

.0023 

.9988 

.0040 

4.2 

3.2208 

.9997 

.0012 

.9994 

.0022 

4.4 

3.4208 

.9999 

.0006 

.9997 

.0011 

4.6 

3.6207 

.9999 

.0003 

.9999 

.0006 

4.8 

3.8207 

1.0000 

,0001 

1.0000 

.0003 
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



t w 

I9H 

in 

L. 6 


n 

f 

f ' 

f 

e 

e> 

0 

0.0000 

0.0000 

0.7475 

0.0000 

0.5249 

.2 

.0149 

.1484 

.7319 

.1049 

.5243 

.4 

.0590 

.2910 

.6898 

.2095 

.5207 

.6 

.1306 

.4230 

.6282 

.3128 

.5112 

.8 

.2273 

.5414 

.5540 

.4134 

.4934 

wRT 

.3461 

.6442 

.4735 

.5095 

.4661 


.4839 

.7308 

.3924 

.5992 

.4291 


. .6374 

.8015 

.3153 

.6806 

.3836 

Ilf 

.8035 

.8574 

.2455 

.7523 

.3322 

1.8 

.9795 

.9003 

.1853 

.8133 

.2780 

2.0 

1.1629 

.9322 

.1355 

.8635 

.2244 

2.2 

1.3518 

.9552 

.0960 

.9033 

.1745 

2.4 

1.5445 

.9712 

.0659 

.9337 

.1307 

2.6 

1.7399 

.9820 

.0438 

.9561 

.0941 

2.8 

1.9371 

.9891 

.0281 

.9719 

.0651 

3.0 

2.1354 

.9936 

.0175 

.9826 

.0434 

3.2 

2.3344 

.9964 

.0106 

.9896 

.0277 

3.4 

2.5338 

.9980 

.0061 

.9940 

.0171 

3.6 

2.7335 

.9989 

.0035 

.9967 

.0101 

3.8 

2.9334 

.9995 

.0019 

.9982 

.0057 

4.0 

3.1333 

.9997 

.0010 

.9991 

.0031 

4.2 

3.3333 

.9999 

.0005 

.9995 

.0016 

4.4 

3.5333 

.9999 

.0002 

.9998 

.0008 

4.6 

3.7333 

1.0000 

.0001 

.9999 

.0004 

4.8 

3 . 9332 

1.0000 

.0001 

1.0000 

.0002 

5.0 

4.1333 

1.0000 

.0000 

1.0000 

.0001 

5.2 

4.3333 

1.0000 

.OOOO 

1.0000 

.0000 

5.4 

4.5333 

1.0000 

.0000 

1.0000 

.0000 

5.6 

4.7333 

1.0000 

.0000 

1.0000 

.0000 

5.8 

4.9333 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.1333 

1.0000 

.0000 

1.0000 

.0000 



1 

5 - °; 
'0 

a 

?.o 


r, i 

f 

f « 


e 

0' 

0 

0.0000 

0.0000 

0.8105 

0.0000 

0.5358 

.2 

.0161 

.1608 

.7907 

.1071 

.5353 

.4 

.0638 

.3141 

.7379 

.2139 

.5313 

.6 

.1409 

.4544 

.6617 

.3192 

.5207 

.8 

.2444 

.5778 

.5716 

.4216 

.5013 

K1S 

.3708 

.6826 

.4759 

.5190 

.4715 

ESI 

.5162 

.7683 

.3821 

.6095 

.4316 


.6769 

.8359 

.2957 

.6911 

.3832 

ESI 

.8495 

.8874 

.2206 

.7624 

.3290 

1.8 

1.0309 

.9251 

.1586 

.8226 

.2726 

2.0 

1.2188 

.9517 

.1099 

.8715 

.2177 

2.2 

1.4111 

.9699 

.0734 

.9100 

.1674 

2.4 

1 . 6063 

.9818 

.0473 

.9389 

.1238 

2.6 

1.8035 

.9893 

.0294 

.9600 

.0880 

2.8 

2.0018 

.9939 

.0176 

.9747 

.0602 

3.0 

2.2009 

.9966 

.0102 

.9845 

.0395 

3.2 

2.4004 

.9981 

.0057 

.9909 

.0249 

3.4 

2.6002 

.9990 

.0030 

.9948 

.0151 

3.6 

2.8000 

.9994 

.0015 

.9972 

.0088 

3.8 

2.9999 

.9997 

.0007 

.9985 

.0049 

4.0 

3.1999 

.9998 

.0003 

.9993 

.0027 

4.2 

3.3998 

.9998 

.0001 

.9997 

.0014 

4.4 

3.5998 

.9998 

.0000 

.9998 

.0007 

4.6 

3.7998 

.9998 

.0000 

.9999 

.0003 

















48 


HA.CA TN 3986 


TABLE I . - Continued . STAGNATION -LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH FRANDTL NUMBER CP 1 



^ - 0 * 
^ °' 

t 0 ^ 
t w 

No 

3.0 


V 

f 

f ' 

f " 

0 

0' 

0 

0.0000 

0.0000 

0.9607 

0.0000 

0.5603 

.2 

.0191 

.1900 

.9300 

.1120 

.5595 

.4 

.0753 

.3687 

.8494 

.2235 

.5546 

.6 

.1653 

.5276 

.7361 

.3333 

.5417 

.8 

.2847 

.6620 

.6061 

.4395 

.5181 

1.0 

.4283 

.7699 

.4738 

.5398 

.4826 

1.2 

.5909 

.8521 

.3507 

.6318 

.4360 

1.4 

.7676 

.9113 

.2446 

.7136 

.3807 

1.6 

.9542 

.9514 

.1596 

.7838 

.3205 

1.8 

1.1472 

.9766 

.0963 

.8418 

.2598 

2.0 

1.3441 

.9912 

.0527 

.8879 

.2025 

2.2 

1.5432 

.9987 

.0249 

.9232 

.1517 

2.4 

1.7433 

1.0019 

.0089 

.9492 

.1092 

2.6 

1.9438 

1.0028 

.0008 

.9675 

.0756 

2.8 

2.1444 

1.0026 

-.0025 

.9799 

.0502 

3.0 

2.3449 

1.0020 

-.0032 

.9880 

.0321 

3.2 

2.5452 

1.0014 

-.0028 

.9931 

.0197 

3.4 

2.7454 

1.0009 

-.0021 

.9962 

.0116 

3.6 

2.9456 

1.0005 

-.0014 

.9980 

.0066 

3.8 

3.1456 

1.0003 

-.0009 

.9989 

.0036 

4.0 

3.3457 

1.0002 

-.0005 

.9995 

.0019 

4.2 

3.5457 

1.0001 

-.0003 

.9997 

.0009 

4.4 

3.7457 

1.0000 

-.0001 

.9999 

.0004 

4.6 

3.9457 

1.0000 

-.0001 

.9999 

.0002 

4.8 

4.1457 

1.0000 

.0000 

1.0000 

.0001 

5.0 

4.3457 

1.0000 

.0000 

1.0000 

.0000 

5.2 

4.5457 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.7457 

1.0000 

.0000 

1.0000 

.0000 

5.6 

4.9457 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.1457 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.3457 

1.0000 

.0000 

1.0000 

.0000 



■ 

"W 

= °J 

c 0 

*0 _ 
No 

>.2 


77 

f 

f ' 

f “ 

0 

0' 

0 

0.0000 

0.0000 

0.8413 

0.0000 

0.5410 

.2 

.0168 

.1668 

.8194 

.1082 

.5404 

.4 

.0662 

.3253 

.7611 

.2159 

.5362 

.6 

.1459 

.4695 

.6776 

.3222 

.5252 

.8 

.2528 

.5954 

.5795 

.4254 

.5049 

1.0 

.3828 

.7010 

.4763 

.5235 

.4740 

1.2 

.5318 

.7862 

.3764 

.6143 

.4327 

1.4 

.6959 

.8522 

.2857 

-.6960 

.3828 

1.6 

.8716 

.9013 

.2083 

.7671 

.3273 

1.8 

1.0555 

.9365 

.1457 

.8268 

.2700 

2.0 

1.2454 

.9606 

.0978 

.8752 

.2145 

2.2 

1.4392 

.9765 

.0629 

.9129 

.1640 

2.4 

1.6356 

.9865 

.0388 

.9412 

.1206 

2.6 

1.8336 

.9925 

.0230 

.9617 

.0853 

2.8 

2.0325 

.9960 

.0130 

.9759 

.0579 

3.0 

2.2319 

.9980 

.0070 

.9853 

.0378 

3.2 

2.4316 

.9990 

.0036 

.9914 

.0237 

3.4 

2.6315 

.9996 

.0018 

.9951 

.0143 

3.6 

2.8314 

.9999 

.0009 

.9973 

.0083 

3.8 

3 . 0314 

.9999 

.0004 

.9986 

.0046 

4.0 

3.2314 

1.0000 

.0002 

.9993 

.0025 

4.2 

3.4314 

1.0000 

.0001 

.9996 

.0013 

4.4 

3.6314 

1.0000 

.0000 

.9998 

.0006 

4.6 

3.8314 

1.0000 

.0000 

.9999 

.0003 

4.8 

4.0314 

1.0000 

.0000 

1.0000 

.0001 

5.0 

4.2314 

1.0000 

.0000 

1.0000 

.0001 

5.2 

4.4314 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.6314 

1.0000 

.0000 

1.0000 

.0000 

5.6 

4.8314 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.0314 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.2314 

1.0000 

.0000 

1.0000 

.0000 


F.CTf 


















CG-7 4132 


NA.CA TIT 3986 


49 


TABLE I. - Continued. STAGNATION- LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 




Hr 

0; 

t 0 

*N 0 " 

4.0 


n 

f 

f ' 

f n 

0 

0' 

O 

0.0000 

0.0000 

1.1025 

0.0000 

0.5815 

.2 

.0219 

.2176 

1.0603 

.1163 

.5806 

.4 

.0860 

.4196 

.9509 

.2319 

.5748 

.6 

.1880 

.5952 

.7997 

.3455 

.5596 

.8 

.3219 

.7383 

.6304 

.4549 

.5320 

1.0 


.8475 

.4632 

.5574 

.4911 

Hi 

SSiWi :f:| 

.9248 

.3138 

.6506 

.4383 

□ I 


.9748 

.1918 

.7322 

.3770 

Hi 

1.0474 

1.0036 

.1009 

.8011 

.3119 

CD 

1.2496 

1.0172 

.0397 

.8571 

.2479 

2.0 

1.4536 

1.0211 

.0032 

.9007 

.1892 

2.2 

1.6577 

1.0197 

-.0149 

.9333 

.1386 

2.4 

1.8613 

1.0159 

-.‘0210 

.9567 

.0975 

2.6 

2.0641 

1.0117 

-.0203 

.9729 

.0659 

2.8 

2.2660 

1,0080 

-.0165 

.9836 

.0427 

3.0 

2.4673 

1.0051 

-.0121 

.9905 

.0266 

3.2 

2.6682 

1.0031 

-.0082 

.9946 

.0159 

3.4 

2.8686 

1.0018 

-.0052 

.9971 

.0092 

3.6 

3.0689 

1.0010 

-.0031 

.9985 

.0051 

3.8 

3.2691 

1.0005 

-.0017 

.9992 

.0027 

4,0 

3.4691 

1.0003 

-.0009 

.9996 

.0014 

4.2 

3.6692 

1.0001 

-.0005 

.9998 

.0007 

4.4 

3.8692 

1.0001 

-.0002 

.9999 

.0003 

4.6 

4.0692 

1.0000 

-.0001 

1.0000 

.0001 

4.8 

4.2692 

1.0000 

-.0001 

1.0000 

.0001 

5.0 

4.4692 

1.0000 

.0000 

1.0000 

.0000 

5.2 

4.6692 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.8692 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.0692 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.2692 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.4692 

1.0000 

.0000 

1.0000 

.0000 



■ 

t 0 - 0; 

fc 0 

N 0 

6.0 


V 

f 

f ' 

f” 

0 

0> 

0 

0.0000 

0.0000 

1.3679 

0.0000 

0.6174 

.2 

.0271 

.2690 

1.3014 

.1234 

.6163 

.4 

.1060 

.5137 

1.1320 

.2461 

.6086 

.6 

.2299 

.7179 

.9038 

.3661 

.5889 

.8 

.3899 

.8740 

.6570 

.4806 

.5538 

1.0 

.5763 

.9817 

.4249 

.5865 

.5030 

1.2 

.7797 

1.0465 

.2307 

.6810 

.4393 

1.4 

.9926 

1.0773 

.0861 

.7618 

.3680 

1.6 

1.2091 

1.0843 

-.0082 

.8281 

.2953 

1.8 

1.4254 

1.0770 

-.0590 

.8802 

.2269 

2.0 

1.6394 

1.0629 

-.0776 

.9194 

.1670 

2.2 

1.8504 

1.0473 

-.0759 

.9477 

.1178 

2.4 

2.0584 

1.0332 

-.0638 

.9673 

.0797 

2.6 

2.2639 

1.0220 

-.0484 

.9802 

.0517 

2.8 

2.4674 

1.0138 

-.0340 

.9885 

.0322 

3.0 

2.6696 

1.0082 

-.0223 

.9936 

.0193 

3.2 

2.8709 

1.0046 

-.0137 

.9965 

.0111 

3.4 

3.0715 

1.0025 

-.0080 

.9982 

.0061 

3.6 

3.2719 

1.0013 

-.0044 

.9991 

.0032 

3.8 

3.4721 

1.0006 

-.0021 

.9996 

.0017 

4.0 

3.6722 

1.0002 

-.0005 

.9998 

.0008 

4.2 

3.8722 

1.0001 

.0013 

.9999 

.0004 
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TABLE I. - Continued. STAGNATION- LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



^ - 0.25; . 

t No 

■ 1.2 


T) 

f 

f ' 

f" 

9 

&' 

0 

0.0000 

0.0000 

0.8673 

0.0000 

0.5344 

.2 

.0169 

.1669 

.7988 

.1068 

.5338 

.4 

.0657 

.3187 

.7175 

.2133 

.5297 

.6 

.1432 

.4534 

.6292 

.3183 

.5189 

.8 

.2459 

.5702 

..5387 

.4203 

.4993 

1.0 

.3701 

.6690 

.4503 

.5173 

.4697 

1.2 

.5124 

.7506 

.3672 

.6075 

.4301 

1.4 

.6693 

.8164 

.2919 

.6888 

.3822 

1.6 

.8380 

.8680 

.2261 

.7600 

.3288 

1.8 

1.0157 

.9075 

.1703 

.8202 

.2732 

2.0 

1.2003 

.9368 

.1247 

.8694 

.2189 

2.2 

1.3899 

.9580 

.0887 

.9081 

.1690 

2.4 

■1.5831 

.9729 

.0612 

.9374 

.1255 

2.6 

1.7788 

.9830 

.0410 

.9588 

.0897 

2.8 

1.9761 

.9897 

.0265. 

.9738 

.0616 

3.0 

2.1745 

.9939 

.0166 

.9839 

.0407 

3.2 

2.3736 

.9965 

.0101 

.9905 

.0258 

3.4 

2.5730 

.9981 

.0059 

.9945 

.0158 

3.6 

2.7728 

.9990 

.0034 

.9970 

.0092 

3.8 

2.9726 

.9995 

.0019 

.9984 

.0052 

4.0 

3.1725 

.9998 

.0010 

.9992 

.0028 

4.2 

3.3725 

.9999 

.0005 

.9996 

.0015 

4.4 

3.5725 

1.0000 

.0003 

.9998 

.0007 

4.6 

3.7725 

1.0001 

.0002 

.9999 

.0004 

4.8 

3.9725 

1.0001 

.0001 

1.0000 

.0002 

5.0 

'4.1726 

1.0001 

.0001 

1.0000 


5.2 

4.3726 

1.0001 

.0001 

1.0000 


5.4 

4.5726 

1.0001 

.0001 

1.0000 


5.6 

4.7726 

1.0001 

.0001 

1.0000 


5.8 

4.9727 

1.0002 

.0001 

1.0000 


6.0 

5.1727 

1.0002 

.0001 

1.0000 

.0000 



** = o- 

= 

S ) 

3.5 


r? 

f 

f ' 

f" 

e 

9' 

0 

0.0000 

0.0000 

1.4313 

0.0000 

0.6254 

.2 

.0284 

.2813 

1.3584 

.1250 

.6242 

.4 

.1107 

.5359 

1.1736 

.2492 

.6161 

.6 

.2398 

.7465 

.9259 

.3706 

.5953 

.8 

.4059 

.9051 

.6601 

.4862 

.5584 

1.0 

.5984 

1.0118 

.4128 

.5928 

.5052 

1.2 

.8076 

1.0731 

.2089 

.6874 

.4390 

1.4 

1.0253 

1.0990 

.0602 

.7680 

.3655 

1.6 

1.2456 

1.1008 

-.0334 

.8336 

.2913 

1.8 

1.4648 

1.0887 

-.0807 

.8848 

.2221 

2.0 

1.6808 

1.0707 

-.0946 

.9231 

.1622 

2.2 

1.8930 

1.0522 

-.0880 

.9504 

.1134 

2.4 

2.1018 

1.0361 

-.0718 

.9692 

.0761 

2.6 

2.3077 

1.0236 

- . 0533 

.9815 

.0490 

2.8 

2.5115 

1,0146 

-.0368 

.9893 

.0302 

3.0 

2.7138 

1.0086 

-.0238 

.9941 

.0179 

3.2 

2.9151 

1.0049 

-.0145 

.9968 

.0102 

3.4 

3.1158 

1.0026 

-.0084 

.9983 

.0056 

3.6 

3.3162 

1.0014 

-.0046 

.9992 

.0029 

3.8 

3.5164 

1.0007 

-.0024 

.9996 

.0015 

4.0 

3.7165 

1.0003 

-.0012 

.9998 

.0007 

4.2 

3.9166 

1.0002 



.0003 

4.4 

4.1166 

1.0001 

-.0003 

1.0000 

.0001 

4.6 

4.3166 

1.0000 

-.0001 

1 . 0000 

.0001 

4.8 

4.5166 

1.0000 

.0000 

1.0000 

.0000 

5.0 

4.7166 

1.0000 

.0000 

1.0000 

.0000 

5.2 

4.9166 

1.0000 

.0000 

1.0000 

.0000 

5.4 

5.1166 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.3166 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.5166 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.7166 

1.0000 

.0000 

1.0000 

.0000 


4132 






CG-7 back 


MCA TN 3986 


51 





















52 


MCA TH 3986 


TABLE X. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER CSF 1 



^ t<3 
T7 = 0.25; t — 
tQ W 0 

= 3.0 


V 

f 

f ' 

f" 

6 

e> 

0 

0.0000 

0.0000 

1.3644 

0.0000 

0.5976 

.2 

.0262 

.2563 

1.1918 

.1195 

.5965 

.4 

.1000 

.4748 

.9898 

.2382 

.5895 

.6 

.2134 

.6517 

.7799 

.3545 

.5716 

.8 

.3580 

.7874 

.5799 

.4659 

.5401 

1.0 

.5258 

.8852 

.4029 

.5696 

.4946 

1.2 

.7099 

.9905 

.2574 

.6630 

.4372 

1.4 

.9044 

1.0115 

.1466 

. 7440 

.3721 

1.6 

1.1049 

1.0200 

.0690 

.8116 

.3044 

1.8 

1.3082 

1.0210 

.0200 

.8659 

.2391 

2.0 

1.5124 

1.0182 

-.0070 

.9077 

.1803 

2.2 

1.7163 

1.0141 

-.0187 

.9386 

.1306 

2.4 

1.9195 

1.0100 

-.0211 

.9606 

.0908 

2.6 

2.1219 

1.0067 

-.0187 

.9756 

.0606 

2.8 

2.3236 

1.0042 

-.0145 

.9854 

.0389 

3.0 

2.5247 

1.0025 

-.0103 

.9916 

.0239 

3.2 

2.7253 

1.0014 

-.0068 

.9953 

.0142 

3.4 

2.9257 

1.0008 

-.0042 

.9975 

.0081 

3.6 

3.1259 

1.0004 

-.0024 

.9987 

.0044 

3.8 

3.3260 

1.0002 

-.0013 

.9994 

.0023 

4.0 

3.5261 


B 

.9997 

.0012 

4.2 

3.7261 

1.0001 


.9999 

.0006 

4.4 

3.9261 



.9999 

.0003 

4.6 

4.1262 


.0000 



4.8 

4.3262 


.0000 



5.0 

4.5262 



1.0000 


5.2 

4.7262 


•!• ij 

1,0000 


5.4 

4.9262 


.0000 

1.0000 

.0000 

5.6 

5.1262 



1.0000 

.0000 

5.8 

5.3262 



1.0000 

.0000 

6.0 

5.5262 




.0000 



= 0,5 

t 0 

t„ = 
N o 

1.2 


— 

77 

£ 

f 1 

f" 

e 

9< 

0 

0.0000 

0.0000 

1 . 0409 

0.0000 

0.5530 

.2 

.0200 

.1958 

.9158 

.1106 

.5522 

.4 

.0766 

.3660 

.7859 

.2206 

.5472 

.6 

.1647 

.5103 

.6582 

.3289 

.5344 

.8 

.2791 

.6298 

.5379 

.4337 

.5114 

1.0 

.4151 

.7262 

.4288 

.5328 

.4773 

1.2 

.5682 

.8022 

.3331 

.6239 

.4327 

1.4 

.7348 

.8605 

.2521 

.7053 

.3799 

1.6 

.9114 

.9040 

.1856 

.7756 

.3223 

1.8 

1.0956 

.9356 

.1329 

.8341 

.2637 

2.0 

1.2851 

.9579 

.0925 

.8812 

.2079 

2.2 

1.4783 

.9733 

.0625 

.9177 

.1577 

2.4 

1.6740 

.9835 

.0410 

.9448 

.1151 

2.6 

1.8714 

.9901 

.0260 

.9642 

.0807 

2.8 

2.0699 

.9942 

.0160 

.9776 

.0544 

3.0 

2.2690 

.9967 

.0096 

.9865 

.0353 

3.2 

2.4685 

.9982 

.0055 

.9921 

.0220 

3.4 

2.6683 

.9990 

.0031 

.9956 

.0131 

3.6 

2.8681 

.9995 

.0017 

.9976 

.0076 

3.8 

3.0B80 

.9997 

.0009 

.9987 

.0042 

4.0 

3.2680 

.9999 

.0004 

.9994 

.0022 

4.2 

3.4680 

.9999 

.0002 

.9997 

.0011 

4.4 

3.6680 

.9999 

.0001 

.9999 

.0006 

4.6 

3.8680 

1.0000 

.0000 

.9999 

.0003 

4.8 

4.0680 

1.0000 

.0000 

1.0000 

.0001 

5.0 

4.2680 

1.0000 

.OOOO 

1.0000 

.0000 

5.2 

4.4680 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.6680 

1.0000 

.OOOO 

1.0000 

.0000 

5.6 

4.8679 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.0679 

1.0000 

.0000 

1.0000 

.OOOO 

6.0 

5.2679 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION- LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



t w 

16 = 0,5 

& 

1.6 


7 J 

f 

f ' 

f " 

e 

6 ' 

0 

0.0000 

0.0000 

1 . 2062 

0.0000 

0.5728 

.2 

.0230 

.2247 

1.0394 

.1145 

.5719 

.4 

.0876 

.4154 

.8973 

.2284 

.5659 

.6 

.1869 

.5720 

.7005 

.3403 

.5509 

.8 

.3143 

.6965 

.5469 

.4480 

.5242 


.4636 

.7920 

.4120 

.5491 

.4851 


.6295 

.8627 

.2988 

.6413 

.4350 


.8073 

.9130 

.2080 

.7226 

.3768 

M-l 

.9936 

.9473 

.1385 

.7918 

.3148 

1.8 

1.1855 

.9697 

.0880 

.8485 

.2532 

2.0 

1.3809 

.9836 

.0531 

.8933 

.1959 

2.2 

1.5786 

.9917 

.0302 

.9273 

.1460 

2.4 

1.7774 

.9962 

.0160 

.9522 

.1042 

2.6 

1.9769 

.9985 

.0078 

.9696 

.0716 

2.8 

2.1767 

.9996 

.0034 

.9813 

.0472 

3.0 

2.3767 

1.0000 

.0012 

.9889 

.0300 

3.2 

2.5767 

1.0001 

.0003 

.9937 

.0183 

3.4 

2.7767 

1.0002 

-.0001 

.9965 

.0107 

3.6 

2.9768 

1.0001 

-.0001 

.9982 

.0060 

3.8 

3.1768 

1.0001 

-.0001 

.9991 

.0033 

4.0 

3.3768 

1.0001 

-.0001 

.9995 

.0017 

4.2 

3.5768 

1.0001 

.0000 

.9998 

.0008 

4.4 

3.7768 

1.0001 

.OOOO 

.9999 

.0004 

4.6 

3.9769 

1.0001 

.0000 

1.0000 

.0002 

4.8 

4.1769 

1.0001 

.0000 

1.0000 

.0001 

5.0 

4.3769 

l.oooi 

.0000 

1.0000 

.0000 

5.2 

4.5769 

1.0001 

.0000 

1.0000 

.0000 • 

5.4 

4.7769 

1.0001 

.0000 

1.0000 

.0000 

5.6 

4.9769 

1.0001 

.0000 

1.0000 

.0000 

5.8 

5.1770 

1.0001 

.0000 

1.0000 

.0000 

6.0 

5.3770 

1.0001 

.0000 

1.0000 

.0000 




to 




to " 0,5 

; V " 
^0 

2.2 


n 

f 

f ' 

f " 

e 

0 ' 

0 

0.0000 

0.0000 

1 . 4406 

0.0000 

0.5986 

.2 

.0273 

.2654 

1.2111 

.1197 

.5975 

.4 

.1031 

.4841 

.9760 

.2386 

.5902 

.6 

.2179 

.6565 

.7518 

.3550 

.5719 

.8 

.3628 

.7863 

.5506 

.4664 

.5398 

1.0 

.5299 

.8788 

.3803 

.5700 

.4939 

1.2 

.7123 

.9407 

.2446 

.6632 

.4363 

1.4 

.9047 

.9790 

.1433 

.7440 

.3712 

1.6 

1.1028 

1.0001 

.0730 

.8115 

.3037 

1.8 

1.3040 

1.0098 

.0283 

.8657 

.2387 

2.0 

1.5063 

1.0127 

.0029 

.9074 

.1803 

2.2 

1 . 7088 

1.0119 

-.0091 

.9384 

.1307 

2.4 

1.9110 

1.0096 

-.0129 

.9604 

.0910 

2.6 

2.1126 

1.0070 

-.0124 

.9754 

.0609 

2.8 

2 . 3138 ' 

1.0047 

-.0100 

.9853 

.0391 

3.0 

2.5146 

1.0030 

-.0072 

.9915 

.0241 

3.2 

2.7150 

1.0018 

-.0048 

.9953 

.0143 

3.4 

2.9153 

1.0010 

-.0030 

.9974 

.0082 

3.6 

3.1155 

1.0006 

-.0018 

.9987 

.0045 

3.8 

3.3155 

1.0003 

-.0010 

.9993 

.0023 

4.0 

3.5156 

1.0001 

-.0005 

.9997 

.0012 

4.2 

3.7156 

1.0001 

-.0003 

.9998 

.0006 

4.4 

3.9156 

1.0000 

-.0001 

.9999 

.0003 

4.6 

4.1156 

1.0000 

.OOOO 

1.0000 

.0001 

4.8 

4.3156 

1.0000 

.OOOO 

1.0000 

.0000 

5.0 

4.5156 

1.0000 

.OOOO 

1.0000 

.OOOO 

5.2 

4.7156 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.9156 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.1157 

1.0000 

.0000 

1 . OOOO 

.0000 

5.8 

5.3157 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.5157 

1.0000 

.0000 

1.0000 

.OOOO 
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TABLE X. - Continued. STAGNATION-LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



tyr 

= 0.5 

*0 

H 

3.0 




t w 

V 1 - 0.5 

Wm 

4.0 


V 

f 

f ' 

f" 

0 

0' 


T ) 

f 

f 1 

f" 

0 

0' 

EH 

0.0000 

0.0000 

1.7341 

0.0000 

0.6280 


0 

0.0000 

0.0000 

2.0785 

0.0000 

0.6593 

Rl 

.0326 

.3158 

1.4210 

.1255 

.6266 


.2 

.0389 

.3744 

1 . 6608 

.1318 

.6576 

.4 

.1221 

.5680 

1.1024 

.2501 

.6175 


.4 

.1441 

.6640 

1.2386 

.2624 

.6463 

.6 

.2557 

.7581 

.8035 

.3716 

.5950 


.6 

.2990 

.8720 

.8491 

.3892 

.6187 

.8 

.4216 

.8919 

.5425 

.4870 

.5563 


.8 

.4881 

1.0076 

.5184 

.5086 

.5721 

1.0 

.6094 

.9784 

.3303 

.5931 

.5020 


1.0 

.6982 

1.0842 

.2604 

.9168 

.5083 

1.2 

.8105 

1.0276 

.1706 

.6870 

.4356 


1.2 

.9189 

1.1168 

.0783 

.7111 

.4324 

1.4 

1.0186 

1.0499 


.7669 

.3628 


1.4 

1.1430 

1.1200 

-.0350 

.7895 

.3519 

1.6 

1.2293 

1.0548 

-.0058 

.8321 

.2898 


1.6 

1.3658 

1.1065 

-.0926 

.8520 

.2738 

1.8 

1.4599 

1.0498 

-.0398 

.8832 

.2219 


1.8 

1.5851 

1.0856 

-.1105 

.8995 

.2038 

2.0 

1.6490 

1.0403 

-.0513 

.9215 

.1629 


2.0 

1.8000 

1.0638 

-.1043 

.9342 

.1453 

2.2 

1.8560 

1 . 0301 

-.0493 

.9490 

.1148 


2.2 

2.0108 

1.0446 

-.0862 

.9585 

.0992 

2.4 

2.0611 

1.0210 

-.0409 

.9681 

.0776 


2.4 

2.2182 

1.0295 

-.0649 

.9747 

.0650 

2.6 

2.2646 

1.0138 

-.0308 

.9807 

.0503 


2.6 

2.4229 

1.0185 

-.0454 

.9852 

.0409 

2.8 

2.4668 

1.0086 

-.0214 

.9887 

.0314 


2.8 

2.6258 

1.0111 

-.0298 

.9916 

.0247 

3.0 

2.6681 

1.0086 

-.0140 

.9937 

.0188 


3.0 

2.8275 

1.0063 

-.0185 

.9954 

.0143 

3.2 

2.8689 

1.0051 

-.0086 

.9966 

.0108 


3.2 

3.0284 

1.0035 

-.0109 

.9976 

.0080 

3.4 

3.0694 

1.0029 

-.0050 

.9982 

.0060 


3.4 

3.2290 

1.0018 

-.0061 

.9988 

.0043 

3.6 

3.2696 

1.0016 

-.0028 

.9991 

.0032 


3.6 

3.4293 

1.0009 

-.0032 

.9994 

.0022 

3.8 

3.4697 

1.0008 

-.0015 

.9996 

.0016 


3.8 

3.6294 

1.0004 

-.0017 

.9997 

.0010 

4.0 

3.6698 

1.0004 

-.0008 

.9998 

.0008 


4.0 

3.8294 

1.0001 

-.0008 

.9999 

.0005 

4.2 

3.8698 

1.0002 

-.0004 

.9999 

.0004 


4.2 

4.0295 

1.0001 

-.0004 

1.0000 

.0002 

4.4 

4.0698 

1.0001 

-.0002 

1.0000 

.0001 


4.4 

4.2295 

1.0000 

-.0002 

1.0000 

.0001 

4.6 

4.2698 

1.0000 

-.0001 

1.0000 

.0001 


4.6 

4.4295 

1.0000 

-.0001 

1.0000 

.0000 

4.8 

4.4698 

1.0000 

.0000 

1.0000 

.0000 


4.8 

4.6295 

1.0000 

.0000 

1.0000 

.0000 

5.0 

4.6698 

1.0000 

.0000 

1.0000 

.0000 


5.0 

4.8295 

1.0000 

.0000 

1.0000 

.0000 

5.2 

4.8698 

1.0000 

.0000 

1.0000 

.0000 


5.2 

5.0295 

1.0000 

.0000 

1.0000 

.0000 

5.4 

5.0698 

1.0000 

.0000 

1.0000 

.0000 


5.4 

5.2295 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.2698 

1.0000 

.0000 

1.0000 

.0000 


5.6 

5.4295 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.4698 

1.0000 

.0000 

1.0000 

.0000 


5.8 

5.6295 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.6698 

1.0000 

.0000 

1.0000 

.0000 


6.0 

5.8295 

1.0000 

.0000 

1.0000 

• OOOO 
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TABLE I. - Continued. STAGNATION -LINE PLOW SOLUTIONS PCH YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER CF 1 



tw „ fc o 

TT = 0 .75 j t 

= 1.2 


7? 

f 

f ' 

f " 

e 

0 - 

0 

0.0000 

0.0000 

1.2059 

0.0000 

0.5995 

.2 

.0229 

.2230 

1.0244 

.1139 

.5686 

.4 

.0868 

.4100 

.8469 

.2271 

.5628 

.6 

.1846 

.5626 

.6814 

.3384 

.5480 

.8 

.3098 

.6837 

.5332 

.4455 

.5218 

1.0 

.4563 

.7772 

.4054 

.5463 

.4834 

1.2 

.6191 

.8473 

.2993 

.6382 

.4342 

1.4 

.7940 

.8983 

.2142 

.7194 

.3771 

1.6 

.9775 

.9343 

.1484 

.7887 

.3159 

1.8 

1.1663 

.9588 

.0995 

.8458 

.2550 

2.0 

1.3604 

.9750 

.0645 

.8910 

.1980 

2.2 

1.5566 

.9853 

.0403 

.9255 

.1479 

2.4 

1.7543 

.9917 

.0243 

.9507 

.1062 

2.6 

1.9531 

.9954 

.0142 

.9685 

.0733 

2.8 

2.1524 

.9976 

.0079 

.9806 

.0487 

3.0 

2.3520 

.9988 

.0043 

.9885 

.0310 

3.2 

2.5518 

.9994 

. .0022 

.9934 

.0190 

3.4 

2.7518 

.9997 

.0011 

.9963 

.0112 

3.6 

2.9517 

.9999 

.0005 

.9980 

.0063 

3.8 

3.1517 

.9999 

.0002 

.9990 

.0034 

4.0 

3.3517 

1.0000 

.0001 

.9995 

.0018 

4.2 

3.5517 

1.0000 

.0000 

.9998 

.0009 

4.4 

3.7517 

1.0000 

-OOOO 

.9999 

.0004 

4.6 

3.9517 

1.0000 

.0000 

1.0000 

.0002 

4.8 

4.1517 

1.0000 

.0000 

1.0000 

.0001 

5.0 

4.3517 

1.0000 

.OOOO 

1.0000 

.0000 

5.2 

4.5517 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.7517 

1.0000 

.0000 

1.0000 

.0000 

5.6 

4.9517 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.1516 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.3516 

1.0000 

.0000 

1.0000 

• OOOO 



t*, 

“ 0,5 

^0 

fc Q . 

} t„ “ 

No 

6.5 


7 J 

f 

f ' 

f " 

0 

0 ' 

0 

0.0000 

0.0000 

2.8663 

0.0000 

0.7213 

.2 

.0529 

.5060 

2.1868 

.1441 

.7187 

.4 

.1933 

.8749 

1.5090 

.2865 

.7021 

.6 

.3943 

1.1145 

.9042 

.4234 

.6626 

.8 

.6318 

1.2445 

.4183 

.5498 

.5982 

1.0 

.8866 

1.2910 

.0709 

.6613 

.5140 

1.2 

1.1446 

1.2817 

-.1423 

.7548 

.4195 

1.4 

1.3973 

1.2414 

-.2440 

.8292 

.3253 

1.6 

1 . 6404 

1.1893 

-.2657 

.8855 

.2401 

1.8 

1.8731 

1.1382 

-.2396 

.9261 

.1689 

2.0 

2.0963 

1.0948 

-.1921 

.9541 

.1136 

2.2 

2.3117 

1.0615 

-.1411 

.9725 

.0731 

2.4 

2.5215 

1.0379 

-.0964 

.9842 

.0451 

2.6 

2.7274 

1.0223 

-.0619 

.9912 

.0267 

2.8 

2.9308 

1.0125 

-.0375 

.9953 

.0152 

3.0 

3.1327 

1.0067 

-.0216 

.9976 

.0083 

3.2 

3.3337 

1.0034 

-.0119 

.9988 

.0043 

3.4 

3.5342 

1.0017 

-.0062 

.9994 

.0022 

3.6 

3.7344 

1.0008 

-.0031 

.9997 

.0011 

3.8 

3.9345 

1.0003 

-.0015 

.9999 

.0005 

4.0 

4.1346 

1.0001 

-.0007 

.9999 

.0002 

4.2 

4.3346 

1.0000 

-.0003 

1.0000 

.0001 

4.4 

4.5346 

1.0000 

-.0001 

1.0000 

.0000 

4.6 

4.7346 

1.0000 

-.0001 

1.0000 

.0000 

4.8 

4.9346 

1.0000 

.0000 

1.0000 

.0000 

5.0 

5.1346 

1.0000 

.0000 

1.0000 

.0000 

5.2 

5.3346 

1.0000 

.0000 

1.0000 

.0000 

5.4 

5.5346 

1.0000 

.OOOO 

1.0000 

.0000 

5.6 

5.7346 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.9346 

1.0000 

.0000 

1.0000 

.OOOO 

6.0 

6.1346 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION -LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



= °* 75} ir~ " 

=- 

3.0 




Sr 

fc 0 

= 1.0; - 

rl 

II 

1 o 
o z 

1 


T? 

r 

f ' 

■ t” 

e 

S' 


77 

f 

f 1 

f" 

6 

0' 

EH 

0.0000 

0.0000 

2.0802 

0 

.0000 

0.6541 


0 

0.0000 

0.0000 

1.2989 

0.0000 

0.5776 


.0386 

.3708 

1.6278 


.1307 

.6524 


.2 

.0245 

.2379 

1.0810 

.1155 

.5767 


.1424 

.6525 

1.1961 


.2603 

.6413 


.4 

.0923 

.4332 

.8747 

.2303 

.5703 

KJ 

.2942 

.8525 

.8139 


.3862 

.6143 


.6 

.1952 

.5891 

.6880 

.3430 

.5545 

.8 

.4788 

.9825 

.4987 


.5048 

.5688 


.8 

.3256 

.7100 

.5256 

.4513 

.5265 


.6835 

1.0569 

.2579 


.6126 

.5066 


1.0 

.4772 

.8011 

.3896 

.5527 

.4861 

Eg 

.8988 

1.0905 

.0896 


.7066 

.4325 


1.2 

.6444 

.8676 

.2798 

.6450 

.4346 

mi 

1.1179 

1.0969 

-.0150 


.7852 

.3535 


1.4 

.8229 

.9146 

.1944 

.7261 

.3753 

1.6 

1.3366 

1.0878 

-.0694 


.8481 

.2766 


1.6 

1.0093 

.9468 

.1305 

.7949 

.3125 

1.8 

1.5526 

1.0715 

-.0884 


.8963 

.2072 


1.8 

1.2009 

.9680 

.0844 

.8511 

.2506 

2.0 

1.7651 

1.0538 

-.0855 


.9317 

.1487 


2.0 

1.3960 

.9815 

.0525 

.8954 

.1933 

2.2 

1.9743 

1.0380 

-.0718 


.9566 

.1023 


2.2 

1.5932 

.9897 

.0314 

.9289 

.1434 

2.4 

2.1805 

1.0253 

-.0547 


.9734 

.0675 


2.4 

1.7916 

.9945 

.0180 

.9533 

.1022 

2.6 

2.3846 

1.0160 

-.0386 


.9843 

.0428 


2.6 

1.9909 

.9972 

.0098 

.9704 

.0700 

2.8 

2.5871 

1.0097 

-.0255 


.9910 

.0260 


2.8 

2.1905 

.9987 

.0051 

.9819 

.0461 

3.0 

2.7886 

1.0056 

-.0159 


.9951 

.0152 


3.0 

2.3903 

.9994 

.0025 

.9893 

.0292 

3.2 

2.9895 

1.0031 

-.0094 


.9974 

.0085 


3.2 

2.5902 

.9997 

.0012 

.9939 

.0177 

3.4 

3.1899 

1.0016 

-.0053 


.9987 

.0046 


3.4 

2.7902 

.9999 

.0005 

.9967 

.0104 

3.6 

3.3902 

1.0008 

-.0029 


.9993 

.0024 


3.6 

2.9901 

1.0000 

.0002 

.9982 

.0058 

3.8 

3.5903 

1.0004 

-.0015 


.9997 

.0012 


3.8 

3.1901 

1.0000 

.0001 

.9991 

.0031 

4.0 

3.7904 

1.0002 

-.0007 


.9999 

.0006 


4.0 

3.3901 

1.0000 

.0000 

.9996 

.0016 

4.2 

3.9904 

1.0001 

-.0003 


.9999 

.0003 


4.2 

3.5901 

1.0000 

.OOOO 

.9998 

.0008 

4.4 

4.1904 

1.0001 

-.0001 

1 

.0000 

.0001 


4.4 

3.7901 

1.0000 

.0000 

.9999 

.0004 

4.6 

4.3904 

1.0001 

.0000 

1 

.0000 

.0001 


4.6 

3.9901 

1.0000 

.OOOO 

1.0000 

.0002 

4.8 

4.5904 

1.0001 

.0000 

1 

.0000 

.0000 


4.8 

4.1901 

1.0000 

.OOOO 

1.0000 

.0001 

5.0 

4.7905 

1.0001 

.0000 

1 

.0000 

.0000 


5.0 

4.3901 

1.0000 

.0000 

1.0000 

.0000 

5.2 

4.9905 

1.0001 

.OOOO 

1 

.0000 

.0000 


5.2 

4.5901 

1.0000 

.0000 

1.0000 

.OOOO 

5.4 

5.1905 

1.0001 

.0000 

1 

.0000 

.0000 


5.4 

4.7901 

1.0000 

.0000 

1.0000 

• OOOO 

5.6 

5.3905 

1.0001 

.0000 

1 

.0000 

.0000 


5.6 

4.9901 

1.0000 

.0000 

1.0000 

.OOOO 

5.8 

5.5905 

1.0001 

.0000 

1 

.0000 

.0000 


5.8 

5.1901 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.7905 

1.0001 

.0000 

1 

.0000 

.0000 


6.0 

5.3901 

8 

o 

o 

H 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION-LINE FLOW . SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



t w 

TT— = 1.0 
t 0 

to 

% 

1.2 




t 

t" 

- = 1.0 
0 

. t o 

' t N ” 

N o 

1.5 


7? 

f 

£ ' 

f" 

6 

6' 


7? 

f 

£ * 

f" 

9 

e< 

0 

0.0000 

0.0000 

1.3640 

0.0000 

0.5845 


0 

0.0000 

(EKE 


0.0000 

0.6035 

.2 

.0257 

.2489 

1.1265 

.1168 

.5834 


.2 

.0291 

.2809 


.1206 

.6023 

.4 

.0965 

.4515 

.9020 

.2330 

.5768 


.4 

.1085 

.5040 

.9785 

.2405 

.5945 

.6 

.2034 

.6112 

.6999 

.3469 

.5600 


.6 

.2272 

.6743 

.7309 

.3577 

.5752 

.8 

.3385 

.7333 

.5254 

.4561 

.5307 


.8 

.3752 

.7989 

.5152 

.4696 

.5418 

1.0 

.4946 

.8234 

.3808 

.5583 

.4884 


WBf 

.5442 

.8855 

.3523 

.5735 

.4944 

1.2 

.6661 

.8875 

.2658 

.6508 

.4350 


tsi 

.7274 

.9424 

.2231 

.6666 

.4354 

1.4 

.8483 

.9315 

.1780 

.7317 

.3739 


Hn 

.9197 

.9772 

.1299 

.7472 

.3694 

1.6 

1.0377 

.9603 

.1140 

.8001 

.3097 


1.6 

1.1173 

.9964 

.0668 

.8142 

.3013 

1.8 

1.2317 

.9784 

.0694 

.8557 

.2468 


1.8 

1.3176 

1.0055 

.0275 

.8679 

.2362 

2.0 

1.4286 

.9891 

.0399 

.8992 

.1892 


2.0 

1.5191 

1.0085 

.0053 

.9091 

.1779 

2.2 

1.6271 

.9950 

.0214 

.9319 

.1394 


2.2 

1 . 7208 

1.0084 

-.0053 

.9396 

.1286 

2.4 

1.8264 

.9981 

.0105 

.9555 

.0987 


2.4 

1.9223 

1.0069 

-.0090 

.9613 

.0894 

2.6 

2.0262 

.9995 

.0045 

.9720 

.0671 


2.6 

2.1235 

1.0050 

-.0090 

.9760 

.0596 

2.8 

2.2262 


.0015 

.9829 

.0439 


2.8 

2.3244 

1 . 0034 

-.0073 

.9857 

.0382 

3.0 

2.4262 

1.0002 

.0002 

.9900 

.0276 


3.0 

2.5249 

1.0021 

-.0054 

.9917 

.0235 

3.2 

2.6263 

1.0002 

- . 0003 

.9943 

.0166 


3.2 

2.7252 

1.0012 

- . 0036 

.9954 

.0139 

3.4 

2.8263 

1.0002 

-.0003 

.9969 

.0096 


3.4 

2.9254 

1.0007 

-.0023 

.9975 

.0079 

3.6 

3.0263 

1.0001 

-.0003 

.9984 

.0054 


3.6 

3.1255 

1.0003 

-.0014 

.9987 

.0043 

3.8 

3 . 2263 

1.0001 

-.0002 

.9992 

.0029 


3.8 

3.3255 

1.0001 

-.0008 

.9994 

.0023 

4.0 

3.4263 

1.0000 

-.0001 

.9996 

.0015 


4.0 

3.5255 

1.0000 

-.0005 

.9997 

.0011 

4.2 

3.6264 

1.0000 

-.0001 

.9998 

.0007 


4.2 

3.7255 

.9999 

-.0003 

.9999 

.0006 

4.4 

3.8264 

1.0000 

.0000 

.9999 

.0003 








4.6 

4.0264 

1.0000 

.0000 

1.0000 

.0002 








4.8 

4.2264 

1.0000 

.0000 


.0001 








5.0 

4.4263 

1.0000 

.0000 


.0000 








5.2 

4.6263 

1.0000 

.0000 


.0000 








5.4 

4.8263 

1.0000 

.0000 


.0000 








5.6 

5.0263 

1.0000 

.0000 


.0000 








5.8 

5.2263 

1.0000 

.0000 


.0000 








m 


9HI 

.0000 


.0000 
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TABLE I. - Continued. STAGNATION -LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH FRANDTL NUMBER OF 1 



tjf tQ 

= 1 . 0 ; - f - = 
t 0 t N 0 

1.6 


7? 

f 

f 1 

f" 

S 

0 ' 

0 

0.0000 

0.0000 

1.6149 

0.0000 

0.6094 

.2 

.0302 

.2912 

1.2987 

.1218 

.6082 

.4 

.1124 

.5208 

1.0024 

.2428 

.6000 

.6 

.2348 

.6944 

.7398 

.3610 

.5799 

.8 

.3869 

.8195 

.5188 

.4738 

.5452 


.5599 

.9049 

.3423 

.5781 

.4961 


.7468 

.9593 

.2089 

.6714 

.4354 

iff ! 

.9422 

.9910 

.1143 

.7518 

.3678 

iP :| 

1.1422 

1.0071 

.0520 

.8184 

.2986 

1.8 

1.3444 

1.0134 

.0146 

.8714 

.2329 

2.0 

1.5472 

1.0141 

-.0050 

.9120 

.1744 

2.2 

1.7499 

1.0127 

-.0131 

.9418 

.1254 

2.4 

1.9520 

1.0093 

-.0145 

.9629 

.0866 

2.6 

2.1536 

1.0066 

-.0126 

.9771 

.0575 

2.8 

2.3547 

1.0043 

-.0097 

.9864 

.0366 

3.0 

2.5554 

1.0027 

-.0068 

.9922 

.0224 

3.2 

2.7558 

1.0016 

-.0044 

. 9957 - 

.0132 

3.4 

2.9560 

1.0009 

-.0027 

.9977 

.0075 

3.6 

3.1562 

1.0005 

-.0016 

.9988 

.0041 

3.8 

3.3562 

1.0002 

-.0009 

.9994 

.0021 

4.0 

3.5563 

1.0001 

-.0005 

.9997 

.0011 

4.2 

3.7563 

1.0000 

-.0002 

.9999 

.0005 

4.4 

3.9563 

1.0000 

-.0001 

1.0000 

.0002 

4.6 

4.1563 

1.0000 

-.0001 

1.0000 

.0001 

4.8 

4.3563 

1.0000 

.OOOO 

1.0000 

.OOOO 

5.0 

4.5563 

1.0000 

.0000 

1.0000 

.OOOO 

5.2 

4.7563 

1.0000 

.0000 

1.0000 

.0000 

5.4 

4.9563 

1.0000 

.OOOO 

1.0000 

.0000 

5.6 

5.1563 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.3563 

1.0000 

.0000 

1.0000 

.ocfoo 

6.0 

5.5563 

1.0000 

.0000 

1.0000 

.0000 



oV 

II 

H 

o 

EMI 

Ha 

2.0 


V 

f 


f " 

0 

0 ' 

0 

0.0000 

0.0000 

1.8532 

0.0000 

0.6313 

.2 

.0344 

.3309 

1 . 4583 

.1262 

.6298 

.4 

.1272 

.5852 

1 . 0910 

.2514 

.6202 

.6 

.2639 

.7704 

.7698 

.3733 

.5968 

.8 

.4315 

.8969 

.5051 

.4890 

.5569 

ifftl 

.6195 

.9764 

.3000 

.5951 


lid 

.8197 

1.0207 

.1520 

.6888 

.4344 

ilH 

1.0261 

1.0405 

.0538 

.7684 

.3612 

iMl 

1.2349 

1.0449 

-.0044 

.8333 

.2881 

1.8 

1.4435 

1.0407 

-.0331 

.8840 

.2204 

2.0 

1.6509 

1.0329 

-.0425 

.9221 

.1617 

2.2 

1.8567 

1.0245 

-.0406 

.9494 

.1139 

2.4 

2.0608 

1.0170 

-.0335 

.9683 

.0770 

2.6 

2.2636 

1.0112 

-.0251 

.9809 

.0499 

2.8 

2.4654 

1.0069 

-.0174 

.9889 

.0311 

3.0 

2.6664 

1 . 0041 

-.0114 

.9937 

.0186 

3.2 

2.8671 

1.0023 

-.0070 

.9966 

.0107 

3.4 

3.0674 

1.0012 

-.0041 

.9982 

.0059 

3.6 

3.2676 

1.0006 

-.0023 

.9991 

.0031 

3.8 

3.4676 

1.0002 

-.0012 

.9996 

.0016 

4.0 

3.6677 

1.0000 

-.0007 

.9998 

.0008 

4.2 

3.8677 

.9999 

-.0004 

.9999 

.0004 

4.4 

4.0676 

.9999 

-.0002 

1.0000 

.0002 
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TABLE I. - Continued. STAGNATION-LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



tA = l.o 

HI 

2.2 




F 1 = i *° 

t 0 

’ tn 
N 0 

3.0 


77 

f 

f * 

f " 

e 

e > 


Tt 

f 

f ' 

f " 

e 

0 ' 


0.0000 

0.0000 

1.9684 

0.0000 

0.6413 


0 

0.0000 

0.0000 

2.4086 

0.0000 

0.6770 


■©Mira 

.3500 

1.5343 

.1282 

.6397 


.2 

.0442 

.4222 

1.8178 

.1353 

.6750 


iHMii 

.6158 


.2553 

.6295 


.4 

.1613 

.7304 

1.2760 

.2692 

.6619 


.2778 

.8062 

.7819 

.3790 

.6044 


.6 

.3297 

.9380 

.8149 

.3988 

.6306 

.8 

.4526 

.9328 

.4962 

.4959 

.5621 


.8 

.5310 

1.0628 

.4508 

.5201 

.5789 

1.0 

.6476 

1.0092 

.2781 

.6027 

.5037 


1.0 

.7507 

1.1249 

.1865 

.6292 

.5093 

1.2 

.8539 

1.0483 

.1239 

.6966 

.4335 


1.2 

.9781 

1.1435 

.0136 

.7231 

.4285 

1.4 

1.0653 

1 . 0623 

.0249 

.7757 

.3578 


1.4 

1.2063 

1.1353 

-.0836 

.8003 

.3444 

1.6 

1.2778 

1.0611 

-.0305 

.8398 

.2831 



1.4314 

1.1137 

-.1246 

.8611 

.2645 

1.8 

1.4892 

1.0522 

-.0546 

.8894 

.2146 



1.6516 

1.0879 

-.1288 

.9068 

.1943 

2.0 

1.6985 

1 . 0406 

-.0588 

.9263 

.1561 


2.0 

1.8667 

1.0635 

-.1129 

.9397 

.1367 

2.2 

1.9055 

1.0294 

-.0522 

.9526 

.1088 


2.2 

2.0773 

1 . 0433 

-.0889 

.9624 

.0921 

2.4 

2.1104 


-.0412 

.9706 

.0728 


2.4 

2.2843 

1.0279 

-.0645 

. .9774 

.0596 

2.6 

2.3137 

1.0129 

-.0299 

.9824 

.0468 


2.6 

2.4888 

1.0172 

-.0438 

.9869 

.0370 

2.8 

2.5157 

1.0079 

-.0203 

.9898 

.0289 

1 


2 .‘6914 

1.0101 

-.0280 

.9926 

.0220 

3.0 

2.7170 

1.0046 

-.0129 

.9943 

.0171 

1 


2.8930 

1.0059 

-.0170 

.9960 

.0126 

3.2 

2.9177 

1.0026 

-.0078 

.9970 

.0098 


yy 

3.0938 

1.0030 

-.0980 

.9979 

.0069 

3.4 

3.1181 

1.0014 

-.0045 

.9984 

.0053 


3.4 

3.2943 

1.0016 

- .0054 

.9990 

.0037 

3.6 

3.3183 

1.0007 

-.0025 

.9992 

.0028 


3.6 

3.4945 

1.0008 

-.0028 

.9995 

.0019 

3.8 

3.5184 


-.0013 

.9996 

.0014 


3.8 

3.6946 

■ 

-.0014 

.9998 

.0009 

4.0 

3.7184 


-.0006 

.9998 

.0007 


4.0 

3.8947 


-.0007 

.9999 

.0004 

4.2 

3.9184 

1.0001 

-.0003 

.9999 

.0003 


4.2 

4.0947 


-.0003 

.9999 

.0002 

4.4 

4.1184 

1.0000 

-.0001 

1.0000 

.0001 


4.4 

4.2947 


-.0001 

1.0000 

.0001 

4.6 

4.3184 

1.0000 

-.0001 

1.0000 

.0001 


4.6 

4.4947 

1.0000 

-.0001 

1.0000 

.0000 

4.8 

4.5184 



1.0000 

.0000 


4.8 



.0000 

1.0000 

.0000 

5.0 

4.7184 


.0000 

1.0000 

.0000 


5.0 

4.8947 


• OOOO 

1.0000 

.0000 

5.2 

4.9184 


.0000 

1.0000 

.0000 


5.2 

5.0947 


.0000 

1.0000 

.0000 

5.4 

5.1184 


.0000 

1.0000 

.0000 


5.4 

5.2947 


.0000 

1.0000 

.0000 

5.6 

5.3184 


.0000 

1.0000 

.0000 


5.6 

5.4947 


.0000 

1.0000 

.0000 

5.8 

5.5184 


.0000 

1.0000 

.0000 


5.8 



.0000 

1.0000 

.0000 


5.7184 




.0000 


6.0 

5.8947 


.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION -LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



tv 

■r— =* 1.0 
fc 0 

to _ 
’ % “ 

4.0 




fc w , „ 

T~ = 1.0 
^0 

to 

\ " 

6.0 


T? 

f 


f" 

e 

0' 


n 

f 

f 1 

f" 

0 

0' 

0 

0.0000 

0.0000 

2.9230 

0.0000 

0.7143 


0 

0.0000 

0.0000 

3.8711 

0.0000 

0.7742 

.2 

.0532 

.5053 

2.1371 

.1427 

.7117 


.2 

.0695 

.6555 

2.6962 

.1546 

.7705 

.4 

.1921 

.8597 

1.4243 

.2837 

.6953 


.4 

.2472 

1.0872 

1.6505 

.3069 

.7476 

.6 

.3884 

1.0830 

.8312 

.4193 

.6566 


.6 

.4917 

1.3296 

.8114 

.4517 

.6949 

.8 

.6184 

1.2016 

.3790 

.5448 

.5940 


.8 

.7694 

1.4276 

.2088 

.5829 

.6127 


.8640 

1.2440 

.0684 

.6556 

.5122 


1.0 

1.0563 

1.4283 

-.1669 

.6954 

.5105 

iKi 

1.1128 

1.2372 

-.1170 

.7490 

.4203 


1.2 

1.3371 

1.3735 

-.3537 

.7866 

.4018 


1.3572 

1.2037 

-.2038 

.8238 

.3283 


1.4 

1.6042 

1.2959 

-.4042 

.8565 

.2993 


1.5936 

1.1601 

-.2224 

.8808 

.2444 


1.6 

1.8554 

1.2173 

-.3719 

.9073 

.2117 

1.8 

1.8213 

1.1173 

-.2010 

.9224 

.1737 


1.8 

2.0919 

1.1497 

-.3012 

.9425 

.1426 

2.0 

2.0410 

1 . 0808 

-.1617 

.9513 

.1180 


2.0 

2.3163 

1.0974 

-.2224 

.9656 

.0917 

2.2 

2.2542 

1.0528 

-.1193 

.9706 

.0768 


2.2 

2.5318 

1.0601 

-.1524 

.9802 

.0565 

2.4 

2.4627 

1.0328 

-.0820 

.9828 

.0479 


2.4 

2.7412 

1.0354 

-.0979 

.9890 

.0333 

2.6 

2.6678 

1.0194 

-.0531 

.9904 

.0287 


2.6 

2.9466 

1.0199 

-.0594 

.9941 

.0189 

2.8 

2.8707 

1.0110 

-.0325 

.9948 

.0165 


2.8 

3.1496 

1.0107 

-.0342 

.9969 

.0103 

3.0 

3.0724 

1.0059 

-.0189 

.9973 

.0091 


3.0 

3.3511 

1.0055 

-.0188 

.9985 

.0053 

3.2 

3.2733 

1.0031 

- . 0104 

.9986 

.0048 


3.2 

3.5519 

1.0028 

-.0098 

.9992 

.0027 

3.4 

3.4737 

1.0015 

-.0055 

.9993 

.0025 


3.4 

3.7523 

1.0013 

-.0050 

.9996 

.0012 

3.6 

3.6739 

1.0007 

-.0028 

.9997 

.0012 


3.6 

3.9525 

1.0006 

-.0025 

.9998 

.0004 

3.8 

3.8740 

1.0003 

-.0014 

.9999 

.0006 


3.8 

4.1526 

1.0003 

-.0014 

.9999 

.0003 

4.0 

4.0741 

1.0001 

-.0006 

.9999 

.0003 


4.0 

4.3527 

1.0001 

-.0001 

.9999 

.0002 

4.2 

4.2741 

1.0001 

-.0002 

1.0000 

.0001 








4.4 

4.4741 

1.0000 

-.0001 

1.0000 

.0000 








4.6 

4.6741 

1.0000 

-.0001 

1.0000 

.0000 








4.8 

4.8741 

1.0000 

.OOOO 

1.0000 

.0000 








5.0 

5.0741 

1.0000 

.0000 

1.0000 

.0000 








5.2 

5.2741 

1.0000 

.0000 

1.0000 

.0000 








5.4 

5.4741 

1.0000 

.0000 

1.0000 

.0000 








5.6 

5.6741 

1.0000 

.0000 

1.0000 

.0000 








5.8 

5.8741 

1.0000 

.0000 

1.0000 

.0000 








6.0 

6.0741 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION- LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



fc w 

TT = 1.0 
T 0 

t 0 

; V = 
N 0 

6.5 




*5 = 1,0 

fc 0 

^0° 

11.0 


n 

f 

f ' 

f" 

6 

6 ' 


7? 

f 

f ' 


6 

S' 

0 

0.0000 

0.0000 


0.0000 

0.7871 


0 

0.0000 

0.0000 

5.9629 

0.0000 

0.8808 

.2 

.0734 

.6904 


.1572 

.7832 


.2 

.1047 

.9757 

3.8229 

.1758 

.8744 

.4 

.2602 

1.1390 

1.6963 

.3118 

.7586 


.4 

.3634 

1.5496 

1.9846 

.3476 

.8360 

.6 

.5155 

1.3843 

.7992 

.4585 

.7026 


.6 

.7030 

1.8006 

.6093 

.5072 

.7521 

.8 

.8038 

1.4761 

.1635 

.5908 

.6160 


.8 


1 . 8268 

-.2673 

.6458 

.6300 

1.0 

1.0993 

1.4661 

-.2239 

.7035 

.5092 


1.0 

1.4251 

1.7230 

-.7058 

.7580 

.4908 

1.2 

1.3866 

1.3999 

-.4073 

.7941 

.3971 


1.2 

1.7544 

1.5659 

- . 8231 

.8425 

.3569 

1.4 

1.6580 

1.3125 

-.4468 

.8629 

.2928 


1.4 

2.0514 

1.4065 

-.7489 

.9022 

.2437 

1.6 

1.9118 

1.2266 

-.4016 

.9123 

.2048 


1.6 

2.3187 

1.2718 

-.5914 

.9418 

.1573 

1.8 

2.1496 

1.1542 

-.3195 

.9461 

.1364 


1.8 

2.5623 

1.1706 

-.4223 

.9668 

.0956 

2.0 

2.3747 

1.0991 

-.2323 

.9681 

.0868 


2.0 

2.7890 

1.1011 

-.2784 

.9818 

.0565 

2.2 

2.5904 

1.0604 


.9819 

.0528 


2.2 

3.0045 

1.0567 

-.1715 

.9905 

.0317 

2.4 

2.7997 

1.0351 

-.0995 

.9901 

.0308 


2.4 

3.2129 

1 . 0302 

-.0995 

.9952 

.0170 

2.6 

3.0050 

1.0194 

-.0596 

.9947 

.0173 


2.6 

3.4173 

1.0151 

-.0545 

.9977 

.0087 

2.8 

3.2079 

1.0103 

-.0339 

.9973 

.0093 


2.8 

3.6194 

1.0071 

-.0282 

.9990 

.0042 

3.0 

3.4094 

1.0052 

-.0183 

.9987 

.0048 


3.0 

3.8204 

1.0029 

-.0135 

.9996 

.0017 

3.2 

3 . 6101 

1.0025 

-.0095 

.9994 

.0024 



4.0207 

1.0009 

-.0051 

.9999 

.0000 

3.4 

3.8105 

1.0012 

-.0047 

.9997 

.0011 








3.6 

4.0106 

1.0005 

-.0022 

.9999 

.0005 








3.8 

4.2107 

1.0002 

-.0010 

.9999 

.0002 








4.0 

4.4107 

1.0001 

-.0005 

1.0000 

.0001 








4.2 

4.6107 

1.0000 

-.0002 

1.0000 

.0000 








4.4 

4.8107 

1.0000 

-.0001 

1.0000 

.0000 








4.6 

5.0107 

1.0000 

.0000 

1.0000 

.0000 








4.8 

5.2107 

1.0000 

.0000 

1.0000 

.0000 








5.0 

5.4107 

1.0000 

.0000 

1.0000 

.0000 








5.2 

5 . 6107 

1.0000 

.0000 

1.0000 

.0000 








5.4 

5.8107 

1.0000 

.0000 

1.0000 

.0000 








5.6 

6.0107 

1.0000 

.0000 

1.0000 

.0000 








5.8 

6.2107 

1.0000 

.0000 

1.0000 

.0000 








6.0 

6.4106 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION -LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



t w 

t -- = 1.5 
t 0 

. - 
’ t „ 

N 0 

1.2 




t w 

t r 1 = 1.5 
fc 0 

*0 _ 
tw 0 

1.6 


TJ 

f 

f » 

t” 

e 

0 ' 


V 

f 

f ' 

f " 

0 

0 ' 

0 

0.0000 

0.0000 

1.6641 

0.0000 

0.6109 


0 

0.0000 

0.0000 

1.9924 

0.0000 

0.6397 

.2 

.0309 

.2975 

1.3149 

.1221 

.6096 


.2 

.0367 

.3514 

1.5280 

.1278 

.6381 

.4 

.1146 

.5282 

.9987 

.2434 

.6012 


.4 

.1347 

.6144 

1.1117 

.2546 

.6278 

.6 

.2383 

.6999 

.7266 

.3618 

.5807 


.6 

.2774 

.8004 

.7600 

.3780 

.6028 

.8 

.3912 

.8221 

.5035 

.4747 

.5455 


.8 

.4507 

.9232 

.4798 

.4946 

.5607 

1.0 

.5645 

.9045 

.3294 

.5990 

.4959 


1.0 

.6434 

.9970 

.2701 

.6012 

.5027 

Hi 

.7511 

.9568 

.2005 

.6723 

.4349 


1.2 

.8472 

1.0354 

.1241 

.6949 

.4332 

Qi 

.9458 

.9873 

.1105 

.7525 

.3671 


1.4 

1.0560 

1.0502 

.0313 

.7741 

.3582 

Ell 

1.1450 

1.0031 

.0519 

.8190 

.2978 


1.6 

1.2663 

1.0506 

-.0206 

.8382 

.2839 

1.8 

1.3464 

1.0096 

.0169 

.8719 

.2322 


1.8 

1.4758 

1.0438 

-.0437 

.8880 

.2158 


1 . 5485 

1.0109 

-.0016 

.9123 

.1738 


2.0 

1.6836 

1.0343 

-.0486 

.9252 

.1574 


1.7506 

1.0097 

-.0095 

.9420 

.1250 


2.2 

1.8896 

1.2498 

-.0438 

.9517 

.1101 

2.4 

1.9523 

1.0075 

-.0113 

.9630 

.0863 


2.4 

2.0937 

1.0171 

-.0349 

.9699 

.0739 

2.6 

2.1536 

1.0053 

-.0101 

.9772 

.0572 


2.6 

2.2965 

1.0111 

-.0254 

.9819 

.0747 

2.8 

2.3545 

1.0035 

-.0078 

.9864 

.0365 


2.8 

2.4983 

1.0068 

-.0173 

.9895 

.0295 

3.0 

2.5551 

1.0022 

-.0055 

.9922 

.0223 


3.0 

2.6994 

1.0040 

-.0111 

.9942 

.0176 

3.2 

2.7554 

1.0013 

-.0036 

.9957 

.0131 


3.2 

2.9000 

1.0022 

-.0067 

.9969 

.0100 

3.4 

2.9556 

1.0007 

-.0022 

.9977 

.0074 


3.4 

3.1003 

1.0012 

-.0039 

.9984 

.0055 

3.6 

3.1557 

1.0004 

-.0013 

.9988 

.0040 


3.6 

3.3005 

1.0006 

-.0021 

.9992 

.0029 

3.8 

3.3558 

1.0002 

-.0007 

.9994 

.0021 


3.8 

3.5006 

1.0003 

-.0011 

.9996 

.0015 

4.0 

3.5556 

1.0001 

-.0003 

.9997 

.0011 


4.0 

3.7006 

1.0002 

-.0006 

.9998 

.0007 

4.2 

3.7558 

1.0000 

-.0002 

.9999 

.0005 


4.2 

3.9006 

1.0001 

-.0002 

.9999 

.0003 

4.4 

3.9558 

1.0000 

-.0001 

.9999 

.0002 


4.4 

4.1007 

1.0000 

-.0001 

1.0000 

.0001 

4.6 

4.1558 

1.0000 

.0000 

1.0000 

.0001 


4.6 

4.3007 

1.0000 

.0000 

1.0000 

.0001 

4.8 

4.3558 

1.0000 

.0000 

1.0000 

.0000 


4.8 

4.5007 

1.0000 

.OOOO 

1.0000 

.OOOO 

5.0 

4.5558 

1.0000 

.0000 

1.0000 

.0000 


5.0 

4.7007 

1.0000 

.0000 

1.0000 

.OOOO 

5.2 

4 . 7558 

1.0000 

.0000 

1.0000 

.0000 


5.2 

4.9007 

1.0000 

.OOOO 

1.0000 

.0000 

5.4 

4 . 9558 ' 

1.0000 

.0000 

1.0000 

.0000 


5.4 

5.1007 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.1558 

1.0000 

.0000 

1.0000 

.0000 


5.6 

5.3007 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.3558 

1.0000 

.0000 

1.0000 

.0000 


5.8 

5.5007 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.5558 

1.0000 

.0000 

1.0000 

.0000 


6.0 

5.7007 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION -LINE FLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



t v 

\ 

- = 1.5 

3 

1 o 

3.0 


n 

f 

r 

f 

e 

e> 

0 

0.0000 

0.0000 

3.0259 

0.0000 

0.7163 

.2 

.0547 

.5173 

2.1607 

.1431 

.7136 

.4 

.1961 

.8716 

1 . 4056 

.2845 

.6968 

.6 

.3943 

1.0893 

.7977 

.4203 

.6573 

.8 

.6249 

1.2012 

.3482 

.5458 

.5939 

1.0 

.8699 

1.2385 

.0481 

.6566 

.5115 


1.1172 

1.2289 

-.1253 

.7497 

.4193 

iff! 

1.3598 

1.1947 

-.2028 

. 8243 

.3273 


1.5946 

1.1520 

-.2159 

.8812 

.2435 

1.8 

1.8208 

1.1107 

-.1924 

.9226 

.1731 

2.0 

2.0393 

1.0760 

-.1534 

.9514 

.1176 

2.2 

2.2517 

1.0414 

-.1125 

.9706 

.0769 

2.4 

2.4596 

1.0306 

-.0770 

.9829 

.0478 

2 .G 

2.6644 

1.0181 

-.0496 

.9904 

.0287 


2.8671 

1.0102 

-.0303 

.9948 

.0165 


3.0687 


-.0176 

.9973 

.0091 

3.2 

3.2695 



.9986 

.0048 

3.4 

3.4699 


-.0051 

.9993 

.0025 

3.6 

3.6701 


-.0026 

.9997 

.0012 

3.8 

3.8702 


Bskiaal 

.9999 

.0006 

4.0 

4.0703 

1.0001 


.9999 

.0003 

4.2 

4.2703 

1.0001 


1.0000 

.0001 

4.4 

4.4703 

1 . 0001 


1.0000 

.0000 

4.6 

4.6703 

1.0000 

.GOOO 

1.0000 

.0000 

4.8 

4.8703 


.0000 

1.0000 

.0000 

5.0 

5.0703 


.0000 

1.0000 

.0000 

5.2 

5.2703 


.0000 

1.0000 

.0000 

5.4 

5.4703 


.0000 

1.0000 

.0000 

5.6 

5.6703 


.oooo 

1.0000 

.0000 

5.8 

5.8703 



1.0000 

.0000 

6.0 

6.0704 



1.0000 

.0000 



fc w i g . 

*5 ' 

fc 0 

— a 
% 

2.2 


T ? 

f 

f ' 

f " 

0 

0' 

0 

0.0000 

0.0000 

2.4534 

0 . 0000 

0.6761 

.2 

.0448 

.4261 

1.8168 

.1351 

.6740 

.4 

-.1624 

.7316 

1.2532 

.2688 

.6609 

.6 

.3306 

.9339 

.7880 

.3982 

.6295. 

.8 

.5306 

1.0539 

.4301 

.5193 

.5778 

1.0 

.7481 

1.1129 

.1762 

.6281 

.5085 

1.2 

.9730 

1.1304 

.0134 

.7219 

.4282 

1.4 

1.1187 

1.1230 

-.0766 

.7992 

.3446 

1.6 

1.4214 

1.1033 

-.1138 

.8600 

.2651 

1.8 

1.6397 

1.0797 

-.1172 

.9059 

.1952 

2.0 

1.8534 

1.0575 

-.1024 

.9389 

.1377 

2.2 

2.0630 

1.0392 

-.0805 

.9618 

.0931 

2.4 

2.2694 

1.0253 

-.0584 

.9770 

.0603 

2.6 

2.4734 

1.0156 

-.0397 

.9866 

.0376 

2.8 

2; 6759 

1.0092 

-.0254 

.9925 

.0225 

3.0 

2.8773 

1.0051 

-.0154 

.9959 

.0129 

3.2 

3.0780 

1.0028 

-.0089 

.9979 

.0071 

3.4 

3.2784 

1.0014 

-.0049 

.9989 

.0038 

3.6 

3.4786 

1.0007 

-.0026 

.9995 

.0019 

3.8 

3.6787 

1.0003 

-.0013 

.9998 

.0009 

4.0 

3.8788 

1.0001 

-.0006 

.9999 

.0004 

4.2 

4.0788 

1.0001 

-.0002 

1.0000 

.0002 

4.4 

4.2788 

1.0000 

-.0001 

1.0000 

.0001 

4.6 

4.4788 

1.0000 

-.0001 

1.0000 

.0000 

4.8 

4.6788 

1.0000 

.0000 

1.0000 

.0000 

5.0 

4.8788 

1.0000 

.0000 

1.0000 

.0000 

5.2 

5.0788 

1.0000 

.0000 

1.0000 

.0000 

5.4 

5.2788 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.4788 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.6788 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.6788 

1.0000 

.0000 

1.0000 

.0000 
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TABLE I. - Continued. STAGNATION -LINE PLOW SOLUTIONS FOR YAWED INFINITE 
CYLINDER WITH PRANDTL NUMBER OF 1 



oi r 

ii 

ro 

o 

fc 0 

J tN o " 

2.0 


7? 

f 

f ' 

f" 

e 

6' 

0 

0.0000 

0.0000 

2.7262 

0.0000 

0.6931 

.2 

.0493 

.4676 

1.9638 

.1385 

.6908 

.4 

.1775 

.7925 

1.3058 

.2755 

.6760 

.6 

.3584 

.9986 

.7777 

.4076 

.6412 

.8 

.5708 

1.1127 

.3846 

.5305 

.5845 

Rl 

."7991 

1.1609 

.1168 

.6401 

.5098 


1.0323 

1.1665 

-.0453 

.7337 

.4245 

ittl 

1.2641 

1.1481 

-.1265 

.8098 

.3373 

MM 

1.4909 

1.1196 

-.1520 

.8690 

.2561 

1.8 

1.7118 

1.0896 

-.1439 

.9130 

.1859 

2.0 

1.9270 

1.0631 

-.1196 

.9443 

.1292 

2.2 

2.1374 

1.0420 

-.0906 

.9656 

.0860 

2.4 

2.3442 

1.0267 

-.0639 

.9795 

.0549 

2.6 

2.5483 

1.0161 

-.0423 

.9882 

.0337 

2.8 

2.7509 

1.0093 

-.0265 

.9934 

.0198 

3.0 

2.9523 

1.0052 

-.0158 

.9965 

.0112 

3.2 

3.1531 

1.0028 

-.0090 

.9982 

.0061 

3.4 

3.3535 

1 . 0014 

-.0049 

.9991 

.0032 

3.6 

3.5537 

1.0007 

-.0025 

.9995 

.0016 

3.8 

3.7538 

1.0003 

-.0013 

.9997 

.0008 

4.0 

3.9538 

1.0002 

-.0007 

.9998 

.0003 

4.2 

4.1539 

1.0001 

-.0004 

.9999 

.OOOO 




II 

ro 

o 

fc 0 

J % “ 

1.0 


17 ' 

f 

f < 

f" 

e 

0' 

0 

0.0000 

0.0000 

1.7638 

0.0000 

0.6154 

.2 

.0321 

.3084 

1.3526 

.1230 

.6140 

.4 

.1185 

.5439 

1.0114 

.2451 

.6053 

.6 

.2455 

.7165 

.7232 

.3643 

.5840 

.8 

.4016 

.8370 

.4915 

.4777 

.5476 

1.0 

.5776 

.9167 

.3142 

.5824 

.4967 

1.2 

.7663 

.9659 

.1857 

.6757 

.4343 

1.4 

.9625 

.9936 

.0979 

.7556 

.3654 

1.6 

1.1628 

1.0073 

.0422 

.8217 

.2954 

1.8 

1.3648 

1.0122 

.0101 

.8741 

.2294 

2.0 

1.5673 

1.0123 

-.0061 

.9140 

.1711 

2.2 

1.7696 

1.0104 

-.0123 

.9432 

.1226 

2.4 

1.9714 

1.0078 

-.0130 

.9637 

.0843 

2.6 

2.1728 

1.0053 

-.0111 

.9776 

.0557 

2.8 

2.3736 

1.0034 

-.0085 

.9866 

.0354 

3.0 

2.5741 

1.0020 

-.0059 

.9922 

.0216 

3.2 

2.7744 

1.0010 

-.0040 

.9955 

.0126 

3.4 

2.9746 

1.0003 

-.0026 

.9974 

.0071 

3.6 

3.1746 

.9999 

-.0016 

.9985 

.0038 
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TABLE I. - Concluded. STAGNATION -LINE FLOW SOLUTIONS 
FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 1 



t w 

Tr“ = 2.0 

t 0 

. t o 
fc N 0 

6.0 


77 

f 

f 1 

f " 

0 

0' 

0 

0.0000 

0.0000 

5.9032 

0.0000 

0.8666 

.2 

.1025 

.9500 

3.6549 

.1730 

.8605 

.4 

.3527 

1 ;4913 

1.8409 

.3421 

.8236 

.6 

.6783 

1.7214 

.5479 

.4995 

.7435 

.8 

1.0274 

1.7438 

-.2461 

.6370 

.6270 

1.0 

1.3681 

1.6502 

-.6321 

.7492 

.4933 

1.2 

1.6845 

1.5100 

-.7325 

.8346 

.3633 

1.4 

1.9721 

1.3682 

-.6667 

.8957 

.2519 

1.6 

2.2332 

1.2480 

-.5290 

.9370 

.1653 

1.8 

2.4732 

1.1572 

-.3809 

.9635 

.1032 

2.0 

2.6980 

1.0943 

-.2537 

.9797 

.0615 

2.2 

2.9124 

1.0536 

-.1583 

.9891 

.0351 

2.4 

3.1205 

1.0289 

-.0931 

.9944 

.0192 

2.6 

3.3247 

1.0148 

-.0519 

.9973 

.0101 

2.8 

3.5268 

1.0071 

-.0275 

.9987 

.0050 

3.0 

3.7278 

1.0031 

-.0140 

.9995 

.0023 

3.2 

3.9282 

1.0011 

-.0071 

.9998 

.0007 
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TABLE II. - STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0,7 




t w 

- — _ n k ■ - 

t 0 

n 

b No 

c 

w 






Sr 

*0 

t 0 

= n * . . D 

~ W,W J 4- — V 

tff o 

.0 

■ 


V 

f 

f 1 

f " 

£ 

£' 

0 

0 1 


V 

f 

f ' 

f " 

£ 

s ' 

e 

0 ' 

0 

0.0000 

0.0000 

1.1824 

0.0000 

0.5692 

0.0000 

0.4386 


0 

0,0000 

0.0000 

1.7009 

0.0000 

0.6252 

0.0000 

0.4350 

.2 

.0226 

.2201 

1.0175 

.1138 

.5683 

.0906 

.4672 


.2 

.0320 

.3096 

1.3928 

.1250 

.6238 

.0952 

.4966 

_4 


ArsGH 


.007 n 

.5805 

1 888 



.4 

.1197 

.5572 

1 . D8R1 

, 94,90 

.8150 

_ 1982 

. 551 5 

.6 

.1831 

.5606 

.6898 

.3382 

.5479 

.2869 

.5088 


.6 

.2509 

.7455 

.8016 

.3701 

.5930 

.3127 

.5898 

.0 

.3080 

.6836 

.5429 

.4454 

.5218 

.3893 

.5125 


.8 

.4144 

.8803 

.5537 

.4851 

.5550 

.4324 

.6020 

1.0 

.4547 

.7790 

.4140 

.5461 

.4837 

.4908 

.4999 


1.0 

.6001 

.9699 

.3505 

.5901 

.5017 

.5513 

.5817 

1.2 

.6101 

,8506 

.3053 

.6301 

.4346 

.5881 

.4694 


1.2 

• BOOO 

1.0236 

.1946 

. 6B50 

.4362 

.6629 

.5291 

1.4 

.7937 

.9025 

.2173 

.7194 

.3774 

.6775 

.4228 


1.4 

1.0076 

1.0507 

.0836 

.7651 

.3641 

.7612 

.4509 

1.6 

.9780 

.9388 

.1490 

.7888 

.3162 

.7564 

.5641 


1.6 

1.2191 

1.0597 

.0117 

.8306 

.2914 

.8423 

.3587 

1.8 

1.1684 

.9632 

. 0901 

.6459 

.2551 

.8227 

.2993 


1.0 

1,4309 

1.0575 

-.0292 

.8820 

.2236 

.9046 

.2653 

2.0 

1.3628 

.9790 

.0618 

.8911 

.1981 

.8761 

.2345 


2.0 

1.6417 

1.0495 

-.0475 

.9206 

.1644 

.9490 

.1811 

2.2 

1.5596 

.9887 

.0371 

.9256 

.1479 

.9169 

.1750 


2.2 

1.8506 

1.0394 

-.0511 

.9484 

.1160 

.9781 

.1126 

2.4 

1.7580 

.9944 

.0210 

.9509 

.1061 

.9487 

.1244 


2.4 

2.0575 

1.0295 

-.0465 

.9677 

.0785 

.9953 

.0620 

2.6 

1.9572 

.9975 

.0111 

.9686 

.0732 

.9673 

.0841 


2.6 

2.2625 

1.0210 

-.0381 

.9805 

.0509 

1.0040 

.0281 

2.8 

2.1569 

.9991 

.0054 

.9807 

.0405 

.9810 

.0540 


2.8 

2.4660 

1.0143 

-.0290 

.9886 

.0318 

1.0074 

.0077 

3.0 

2.3568 

.9999 

.0023 

.9885 

.0309 

.9895 

.0329 


3.0 

2.6684 

1.0094 

-.0208 

.9936 

.0190 

1.0077 

-.0029 

3.2 

2.5568 

1.0001 

.0007 

.9934 

.0109 

.9946 

.0189 


3.2 

2.8699 

1.0059 

-.0142 

.9965 

.0109 

1.0066 

-.0072 

3.4 

2,7569 

1.0002 

.0000 

.9964 

.0111 

.9975 

.0102 


3.4 

3.0708 

1.0036 

-.0092 

.9982 

.0060 

1.0051 

-.0078 

3.6 

2.9569 

1.0002 

-.0002 

.9981 

.0063 

.9989 

.0051 


3.6 

3.2714 

1.0021 

-.0058 

.9991 

.0032 

1.0036 

- .0088 

3.8 

3.1569 

1.0002 

-.0002 

.9990 

.0034 

.9996 

.0023 


3.8 

3.4717 

1.0012 

-.0035 

.9996 

.0016 

1.0024 

-.0052 

4.0 

3.3570 

1.0001 

-.0002 

.9995 

.0018 

.9999 

.0009 


4.0 

3.6719 

1.0007 

-.0020 

.9998 

.0008 

1.0015 

-.0037 

4.2 

3.5570 

1.0001 

-.0001 

.9998 

.0009 

1.0000 

.0002 


4.2 

3.8720 

1.0004 

-.0011 

.9999 

.0004 

1.0009 

-.0024 

4.4 

3.7570 

1.0001 

-.0001 

.9999 

.0004 

1.0001 

.0000 


4.4 

4.0720 

1.0002 

-.0006 

1 . OOOO 

.0002 

1.0005 

-.0015 

4.6 

3.9570 

1.0001 

.0000 

.9999 

.0002 

1.0001 

-.0001 


4.6 

4.2721 

1.0001 

-.0003 

1.0000 

.0001 

1.0003 

-.0009 

4.8 

4.1570 

1.0001 

.oooo 

1.0000 

.0001 

1 . oooo 

-.0001 


4.8 

4.4721 

1.0001 

-.0002 

1.0000 

.0000 

1.0002 

-.0005 

5.0 

4.3570 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

-.0001 


5.0 

4.6721 

1.0000 

-.0001 

1.0000 

.0000 

1.0001 

-.0003 

5.2 

475571 

x.ouuj. 

.oooo 

1.0000 

.oooo 

1.0000 

.oooo 


5.2 

4 . 8V2JL 

I. OOOO 

. LKJIHJ 

I. Oooo 

.0000 

1.0000 

-.0001 

5.4 

4,7571 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

.0000 


5.4 

5.0721 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

-.0001 

5.6 

4.9571 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

.0000 


5.6 

5.2721 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.1571 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

.0000 


5.6 

5.4721 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

,0000 

6.0 

5.3571 

1 . 0001 

.0000 

1.0000 

.0000 

1.0000 

.0000 


6.0 

5.6721 

1.0000 

.0000 

I-* 

o 

o 

o 

O 

.0000 

1.0000 

.0000 


o> 
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TABLE II 


Continued. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0.7 


05 

CD 




t„ 

4 - °- 5j i 

6 

: N 0 

.5 



V 

f 

f ' 

f" 

s 

s' 

0 

0' 

0 

0,0000 

0.0000 

2.8164 

0.0000 

0.7200 

0.0000 

0.4717 

o 

• c 

• UULU 

a c\nr* 

■ HO IO 

o 1 c r\c 
c « jl 

A TO 

-7*1 TFC 
| • IJ.IO 

■ xurtu 

. Xj 1 

.4 

.1900 

.8615 

1.5030 

.2860 

.7012 

.2291 

.6639 

.6 

.3884 

1.1032 

.9307 

.4228 

.6623 

.3679 

.7167 

.8 

.6244 

1.2410 

.4683 

.5493 

.5988 

.5121 

.7155 

1.0 

.8796 

1.2987 

.1294 

.6610 

.5153 

.6501 

.6550 

1.2 

1 . 1403 

1.3006 

- . 0904 

.7547 

.4210 

.7709 

.5468 

1.4 

1,3977 

1,2691 

_.9n<n 

= 8294 

. 3266 

= 8672 

.4140 

1.6 

1.6469 

1^2220 

-.2519 

.8859 

.2409 

.9366 

.2820 

1.8 

1.8863 

1.1716 

-.2449 

.9267 

.1692 

.9813 

.1695 

2.0 

2.1159 

1.1257 

-.2110 

.9546 

.1134 

1.0063 

.0855 

2.2 

2.3371 

1.0878 

-.1671 

.9730 

.0726 

1.0174 

.0302 

2.4 

2.5516 

1.0588 

-.1239 

.9845 

.0446 

1.0199 

-.0013 

2.6 

2.7612 

1.0378 

-.0869 

.9914 

.0262 

1.0180 

- . 0158 

2.8 

2,9672 

1.0235 

-.0581 

.9954 

.0148 

1.0143 

-.0198 

3.0 

3.1709 

1.0141 

-.0372 

,.9977 

.0080 

1.0104 

-.0183 

3.2 

3.3731 

1.0 d 82 

-.0229 

'.9988 

.0042 

1.0071 

-.0146 

3.4 

3.5743 

1.0046 

-.0136 

.9994 

.0021 

1.0046 

-.0106 

3.6 

3.7750 

1.0025 

-.0078 

.9997 

.0010 

1.0028 

-.0072 

3.8 

3.9754 

1.0013 

-.0043 

.9999 

.0005 

1.0 Q 17 

-.0046 

4.0 

4.1756 

1.0007 

-.0023 

.9999 

.0002 

1.0009 

-.0028 

4.2 

4.3757 

1.0004 

-.0012 

1.0000 

.0001 

1.0005 

-.0016 

4.4 

4.5757 

1.0002 

-.0006 

1.0000 

.0000 

1.0003 

-.0009 

4.6 

4.7757 

1.0001 

-.0003 

l.oooq 

.0000 

1.0001 

-.0005 

4.8 

4.9758 

1.0000 

-.0001 

1.0000 

.0000 

1.0001 

-.0002 

5.0 

5.1758 

1.0000 

- . 0001 

1.0000 

.0000 

1.0000 

-.0001 

5.2 

5.3758 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

-.0001 

5.4 

5.5758 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

5.6 

5.7758 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.9758 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

6.0 

6.1758 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 


Insulated surface; 

^aw 

^o" = 

D.9444; 

t 0 _ 
s 

1,6 » Cw 

■ 0.8518 

77 

f 

f ' 

f" 

g 

g' 

0 

0' 

0 

0.0000 

0.0000 

1.5724 

0.0000 

0.6067 

0.0000 

0.0000 

o 

0294 

2844 

I 

x«c.i 

*1 01 -r 

• X£_XU 

6055 

0298 

2971 

.4 

!l099 

.’5107 

.9930 

.2418 

15976 

ineo 

^5804 

.6 

.2302 

.6836 

.7429 

.3595 

.5780 

.2591 

.8200 

.8 

.3803 

.8103 

.5505 

.4720 

.5440 

.4406 

.9794 

1.0 

.5518 

.8985 

.3585 

.5762 

.4957 

.6435 

1.0302 

1.2 

.7377 

.9563 

.2259 

.6695 

.4358 

.8448 

.9646 

1 .4 

. 9328 

.9913 

= 1292 

_ 7500 

,3688 

1 , 0227 

.7997 

1.6 

1.1331 

1.0100 

.0630 

.8169 

.3000 

1.1606 

.5728 

1.6 

1.3361 

1.0181 

.0211 

,8702 

.2344 

1,2506 

.3290 

2.0 

1.5400 

1.0197 

-.0027 

.9111 

.1758 

1.2938 

.1089 

2.2 

1.7438 

1.0178 

-.0142 

.9412 

.1266 

1.2975 

-.0612 

2.4 

1.9470 

1.0145 

-.0178 

.9624 

.0875 

1.2733 

-.1709 

2.6 

2.1496 

1.0110 

-.0170 

.9768 

.0581 

1.2329 

-.2241 

.2.8 

2.3514 

1.0078 

-.0142 

.9862 

.0371 

1.1866 

-.2329 

3.0 

2.5527 

1.QQ53 

-.Q109 

.9921 

.0227 

1.1416 

-.2126 

3.2 

2.7536 

1.0035 

-.0078 

.99561 

.0134 

1.1024 

-.1773 

3.4 

2.9542 

1.0022 

-.0053 

.9977 

.0076 

1.0709 

-.1377 

3.6 

3.1545 

1.0013 

-.0034 

.9988 

.0041 

1.0471 

-.1009 

3.8 

3.3547 

1.0008 

-.0021 

.9994 

.0021 

1.0301 

-.0702 

4.0 

3.5548 

1.0004 

-.0013 

.9997 

.0011 

1.0186 

-.0466 

4.2 

3.7549 

1.0002 

-.0007 

.9999 

.0005 

1.0111 

-.0296 

4.4 

3.9549 

1.0001 

-.0004 

.9999 

.0002 

1.0064 

-.0181 

4.6 

4.1550 

1.0001 

-.0002 

1.0000 

.0001 

1.0035 

-.0107 

4.8 

4.3550 

1.0000 

-.0001 

1.0000 

.0000 

1.0019 

-.0061 

5.0 

4.5550 

1.0000 

.0000 

1.0000 

.0000 

1.0010 

-.0033 

5.2 

4.7550 

1.0000 

.0000 

1.0000 

.0000 

1.0005 

-.0018 

5.4 

4.9550 

1.0000 

.0000 

1.0000 

.0000 

1.0002 

-.0009 

5.6 

5.1550 

1.0000 

.0000 

1.0000 

.0000 

1.0001 

-.0005 

5.8 

5.3550 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

-.0002 

6,0 

5.5550 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

-.0001 
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TABLE II . - Concluded . STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0.7 


Insu 

lated surface ; 

^cT ” 

3 . 9045 ; 

t 0 

t N 0 " 

3 . 0 ; C * 

- 0.8567 


Insulated surfaoe ; 

^aw 

w m 

0 . 8838 ; 

t 0 

■■ ra 

% 

6 . 5 ; 

» 0.8627 

n 

f 

f ' 

f " 

s 

s ' 

e 

S ' 


fl 

f 

f ' 

t " 

g 

S' 1 

e 

S ' 

0 

0.0000 

0.0000 

2.2902 

0.0000 

0.6716 

0.0000 

0.0000 


0 

0.0000 

0.0000 

3.8392 

0.0000 

0.7797 

0.0000 

0.0000 

.2 

.0422 

.4042 

1.7554 

.1342 

.6696 

.0377 

.3758 


.2 

.0692 

.6541 

2.7135 

.1557 

.7760 

.0530 

.5270 

.4 

.1548 

.7049 

1.2622 

.2671 

.6572 

.1488 

.7269 


.4 

.2474 

1.0934 

1.7066 

.3091 

.7530 

.2073 

.9987 

.6 

.3181 

.9136 

.8375 

.3959 

.6273 

.3235 

1.0028 


.6 

.4945 

1.3493 

.8885 

.4549 

.6998 

.4419 

1.3117 

.8 

.5152 

1.0454 

.4952 

.5167 

.5774 

.5411 

1.1487 


.8 

.7778 

1.4631 

.2863 

.5869 

.6164 

.7154 

1.3802 

1.0 

.7323 

1.1174 

.2364 

.6257 

.5098 

.7721 

1.1345 


1.0 

1.0732 

1.4776 

-.1068 

.7000 

.5123 

.9769 

1.1976 

1.2 

.9593 

1.1460 

.0812 

.7199 

.4305 

.9849 

.9710 


1.2 

1.3649 

1.4320 

-.3220 

.7914 

.4014 

1.1829 

.8438 

1*4 

1.1889 

1.1463 

-.0479 

.7976 

.3473 

1.1538 

.7070 


1.4 

1.6442 

1.3576 

-.4032 

.8610 

.2970 

1.3111 

.4394 

1.6 

1.4168 

1.1304 

-.1041 

.8590 

.2676 

1.2654 

.4087 


1.6 

1.9076 

1.2764 

-.3968 

.9112 

.2082 

1.3633 

.0882 

2 . a U 

X • 6406 

X ■ Xu71 

- . 1228 

> 8053 

a xvi 1 

X . 3X80 

. Xodd 


1,8 

2.1035 

i . 21UH 

-. 5*28 

.9456 

.1386 

1.3536 

-.1548 

2.0 

1.8596 

1.0827 

-.1182 

.9387 

.1589 

1.3243 

-.0707 


2.0 

2.3893 

1.1404 

-.2709 

,9679 

.0880 

1.3080 

-.2825 

2.2 

2.0738 

1.0607 

-.1013 

.9617 

.0937 

1.2960 

-.1998 


2.2 

2.6124 

1.0934 

-.1999 

.9818 

.0534 

1.2466 

-.3181 

2.4 

2.2841 

1.0425 

-.0801 

.9770 

.0606 

1.2491 

-.2576 


2.4 

2.8275 

1.0597 

-.1393 

.9901 

.0310 

1.1845 

-.2949 

2.6 

2.4911 

1 . 02B5 

-.0595 

.9867 

.0376 

1.1964 

-.2620 


2.6 

3.0370 

1.0367 

-.0924 

.9948 

.0173 

1.1304 

-.2430 

2.8 

2.6958 

1.0165 

-.0419 

.9925 

.0224 

1.1484 

-.2336 


2.8 

3.2428 

1.0218 

-.0587 

.9974 

.0092 

1.0877 

-.1840 

3.0 

2.8987 

1.0115 

-.0281 

.9960 

.0128 

1.1038 

-.1901 


3.0 

3.4461 

1.0126 

-.0358 

.9987 

.0047 

1.0564 

-.1304 

3.2 

3.1005 

1.0070 

-.0181 

.9979 

.0070 

1.0704 

-.1441 


3.2 

3.6480 

1.0070 

-.0210 

.9994 

.0023 

1.0348 

-.0873 

3.4 

3.3016 

1.0041 

-.0112 

.9990 

.0057 

1.0458 

-.1029 


3.4 

3.8491 

1.0038 

-.0119 

.9997 

.0011 

1.0207 

-.0557 

3.8 

3.5022 

1.0023 

-.0067 

.9995 

,0019 

1.0287 

-.0698 


3.8 

4 . 04'96 

1.0020 

-.0065 

,9999 

.0005 

1.0118 

-.0340 

3.8 

3.7026 

1.0013 

-.0039 

.9998 

.0009 

1.0173 

-.0453 


3.8 

4.2499 

1.0010 

-.0035 

.9999 

.0002 

1.0065 

-.0199 

4.0 

3.9028 

1.0007 

- . 0021 

.9999 

.0004 

1 . Dim 

-.0981 



A-ARfll 

1 _fWYR 

- . ryn a 

i _ nnrv > 

0001 


— m i o 

4.2 

4.1029 

1.0004 

-.0012 

.9999 

.0002 

1.0057 

-.0168 


4.2 

4.6501 

1.0003 

-.0009 

1.0000 

.0000 

1.0018 

-.0061 

4,4 

4.3030 

1.0002 

-.0006 

1.0000 

.0001 

1.0031 

-.0097 


4.4 

4.8502 

1.0001 

-.0004 

1.0000 

.0000 

1.0009 

-.0032 

4 . 6 

4.5030 

1.0001 

-.0003 

1.0000 

.0000 

1.0016 

-.0054 


4.6 

5.0502 

1.0001 

-.0002 

1,0000 

.0000 

1.0004 

-.0016 

4.8 

4.7030 

1.0001 

-.0001 

1.0000 

.0000 

1.0008 

-.0029 


4.8 

5.2502 

1.0000 

-.0001 

1.0000 

.0000 

1.0002 

-.0000 

5.0 

4.9030 

1.0001 

-.0001 

1.0000 

.0000 

1.0004 

-.0015 


5.0 

5.4502 

1.0000 

.0000 

1.0000 

.0000 

1.0001 

-.0004 

5.2 

5.1030 

1.0001 

.0000 

1.0000 

.0000 

1.0002 

-.0007 


5.2 

5.6502 

1.0000 

.0000 

1.0000 

.0000 

1 . 0000 

-.0002 

5.4 

5.3030 

l.oooi 

.0000 

1.0000 

.0000 

1.0001 

-.0004 


5.4 

5 . 0502 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

-.0001 

5.6 

5.5031 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

- , 0Q02 


5.6 

6.0502 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

5.8 

5.7051 

1.0001 

.0000 

1.0000 

-.0000 

1,0000 

-.0001 


5.8 

6.2502 

1.0000 

.0000 

1.0000 

.0000 

1.0000 

.0000 

6.0 

5.9031 

1.0001 

.0000 

1.0000 

.0000 

1.0000 

.0000 


6.0 

6.4502 

1.0000 

,0000 

1.0000 

.0000 

1.0000 

.0000 


o> 

co 
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TABLE m. - SUMMARY OP HEAT-TRANSFER 
AND SKIN -FRICTION PARAMETERS FOR 
YAWED STAGNATION LINE 
(a) Frandtl number, 1. 


fc w 

t 0 

% 


or 

f » 

ST 

W 

0 

1.0 

0.6489 

0.5067 

1.2807 


1.2 

.6823 

.5130 

1.3300 


1.6 

.7475 

.5249 

1.4241 


2.0 

.8105 

.5358 

1.5127 


2.2 

.8413 

.5410 

1.5551 


3.0 

.9607 

.5603 

1.7146 


4.0 

1.1025 

.5815 

1.8960 


6.0 

1.3679 

.6174 

2.2156 


6.5 

1.4313 

.6254 

2.2886 

0.25 

1.2 

0.8673 

0.5344 

1.6229 


1.6 

.9850 

.5507 

1.7886 


2.2 

1.1530 

.5724 

2.0143 


3.0 

1.3644 

.5976 

2.2831 

0.50 

1.2 

1.0409 

0.5530 

1.8823 


1.6 

1.2062 

.5728 

2.1058 


2.2 

1.4406 

.5986 

2.4066 


3.0 

1.7341 

.6280 

2.7613 


4.0 

2.0785 

.6593 

3.1526 


6.5 

2.8663 

.7213 

3.9738 

0.75 

1.2 

1.2059 

0.5695 

2.1175 


1.6 

1.4153 

.5921 

2.3903 


2.2 

1.7110 

.6212 

2.7543 


3.0 

2.0802 

.6541 

3.1802 

1.00 

1.0 

1.2326 

0.5704 

2.1610 


1.1 

1.2989 

.5776 

2.2488 


1.2 

1.3640 

.5845 

2.3336 


1.5 

1.5535 

.6035 

2.5742 


1.6 

1.6149 

.6094 

2.6500 


2.0 

1.8532 

.6313 

2.9355 


2.2 

1.9684 

.6413 

3.0694 


3.0 

2.4086 

.6770 

3.5578 


4.0 

2.9230 

.7143 

4.0921 


6.0 

3.8711 

.7742 

5.0001 


6.5 

4.0951 

.7871 

5.2028 


11.0 

5.9630 

.8808 

6.7700 

1.50 

1.2 

1.6641 

0.6109 

2.7240 


1.6 

1.9924 

.6397 

3.1146 


2.2 

2.4534 

.6761 

3.6288 


3.0 

3.0259 

.7163 

4.2243 

2.00 

1.0 

1.7368 

0.6154 

2.8223 


2.0 

2.7262 

.6931 

3.9334 


6.0 

5.9032 

.8666 

6.8119 


(b) Prandtl number, 0.7. 



t 0 

% 

• L W 

2w 


A w 

sJT 

/%. - to V- 
- w w 

0.50 

1.6 

1.1824 

0.5692 

0.4386 

2.0773 

0.4935 


3.0 

1.7009 

.6252 

.4350 

2.7206 

.5377 


6.5 

2.8164 

.7200 

.4717 

3.9117 

.6145 

0.9444 

1.6 

1.5724 

0.6067 

0 

2.5917 


.9045 

3.0 

2.2902 

.6716 

0 

3.4101 


.8838 

6.5 

3.8392 

.7797 

0 

4.9239 
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TABLE IV. - LOCAL RECOVERY FACTORS 
FOR YAWED STAGNATION LINE 


Yaw 

parameter, 

fc O 

% 

Local recovery factor. 

Prandtl 

number 


•0.7 

O 

• 

00 

0.9 

1.0 

1.0 

0.849 

0.903 

0.953 

1.000 

1.6 

.8518 



1.000 

3.0 

.8567 



1.000 

6.5 

.8627 


BB 

1.000 
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Chord wise velocity ratio 



8 5.2 3.8 4.0 4.4 4.8 0 .4 .8 1.2 1.6 2.0 2.4 2.S 3.2 3.6 4.0 4.4 4.8 

Similarity varlabla, I) 

(a) Kall-tcuparatura ratio,. 0 and 0.2$. 

Figure 2. - Veloolty and enthalpy profiles for Frandtl nimbi r of 1. 
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Spannloa velocity. 



1.2 1.6 2.0 2.4 2.0 5.! 3.6 4.0 4 ,4 4.8 0 .4 .8 1.2 l.S 2.0 2.4 2.8 3.2 3.6 4,0 4.4 4.8 

Similarity variable, 71 

(a) 3 pennies velocity and enthalpy funotion. 

Figure 3. - Telooity and enthalpy profllea for Prendtl number of 0.7. 
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Chordwise velocity ratio. 
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(b) Chordwise velocity. 

Figure S. - Concluded. Velocity and enthalpy profiles for Frandtl number of 0.7. 
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Figure 5. - Effect of yaw on wall-shear function for stagnation 
line flow. 
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Heat transfer parameter, 
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Figure 6. - Effect of yaw on heat- transfer parameter for 

stagnation- line flow. (For Prandtl number of 1 spanwise shear 
parameter g^ is equal to heat- transfer parameter 0^.) 
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f" 

w 

K 



l»A 

Yaw parameter, -~L 


% 


Figure 7. - Ratio of chordwise to spanvise surface-shear param- 
eters for stagnation- line flow. (For Prandtl number of 1 









Figure 9. - Cbonlwlae- Telocity- gradient parameter as function of normal Mach number component for flow at stagnation line 
of yawed circular cylinder. 



TN 3986 





Ratio of yawed to normal heat-transfer coefficient 


85 


BACA TB 3986 



Yaw angle, 4, deg 


Figure ID. - Effect of yaw on heat-transfer coefficient at stagnation line of circular 


cylinder with nearly insulated surface, 
number, 1. 
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Figure 11. - Effect of surface- temperature level on heat-transfer 
coefficient ratio. Frandtl number, 1. 



Figure 12. - Effect of Prandtl number on heat- transfer-coefficient ratio. 

Wall-temperature ratio, — , 0,5. 
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